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 AMÉLIORATION DE LA PERFORMANCE DE LA CFO AVEC ET SANS 
CAPTEUR DE POSITION DU ROTOR DANS LES MSAP DESTINÉES  
AUX APPLICATIONS DE PROPULSION DE VÉ  
Jorge LARA CARDOSO
RÉSUMÉ 
Les travaux de recherche divulgués dans cette thèse portent sur l'amélioration de la 
commande à flux orienté (CFO) avec et sans capteur de position du rotor dans les Machines 
Synchrones à Aimants Permanents (MSAP) destinées aux applications de propulsion de 
Véhicules Électriques (VÉ). Trois contributions principales ont été faites à ce sujet. Les 
détails de ces contributions sont les suivantes. 
La première contribution est le développement d'un nouvel algorithme basé sur des 
approximations polynomiales (AP) pour une compensation efficace de l’erreur de position 
dans des encodeurs analogiques magnétiques (EAM) utilisés dans les MSAP pour la traction 
des VÉ. L'algorithme AP proposé a besoin d’un espace négligeable de mémoire par rapport à 
une Table de Consultation (TC) à très haute résolution. L'utilisation de polynômes permet de 
compenser toutes les positions d'entrée possibles du rotor sans effectuer une interpolation ou 
un arrondissement à la valeur quantifiée la plus proche. De plus le fait de déduire les 
coefficients polynomiaux  à partir d'une procédure de calibration est un avantage, car cela 
évite d'utiliser un capteur de position précis et à haute résolution pour des fins de 
comparaison et de calcul de l’erreur. L'algorithme AP a été implanté pour fonctionner en 
temps réel dans un système d'asservissement de TM4 de VÉ en asservissant un MSAP de    
80 kW. La performance de l'algorithme a été validée à 6000 et 9000 tr/min sous un couple de 
+85 et ±55 Nm, respectivement. Les effets d'interférence électromagnétique (IEM) ont été 
minimisés en utilisant une boucle à verrouillage de phase (BVP) de type 2. L'algorithme AP 
proposé assisté par la BVP est capable de réduire l'erreur totale de position à une plage aussi 
petite que ±0.2 degrés mécaniques. Cette erreur a été mesurée en régime permanent. 
Cependant, les transitoires de l'opération de la MSAP ne détériorent pas la compensation 
obtenue étant donné que les seuls paramètres entrés dans l'algorithme AP sont les 
échantillons de tension des signaux sinus et cosinus provenant de l’encodeur non compensé 
et ils sont indépendants du point de fonctionnement de la machine. La combinaison de 
l’algorithme AP et le BVP de type 2 est une solution prometteuse pour compenser l'erreur de 
position des EAM à faible coût, donc permettant d’accomplir une commande à flux orienté 
de haute-performance dans les MSAP pour des applications de VÉ. Les caractéristiques de 
haute-performance de ce système d'asservissement pour la MSAP sont la production de : 1) 
Un couple moyen avec une petite plage de plausibilité pour réduire la variation de couple 2) 
Un couple maximal avec des courants statoriques optimaux afin d'éviter de gaspiller l'énergie 
de la batterie et ainsi étendre l'autonomie du véhicule et 3) Une petite génération des 
ondulations de couple pour maximiser la courbe couple-vitesse. En réduisant les oscillations 
de couple, les ondulations de tension produites dans le bus de CC deviennent plus petites et 
les variations du courant de défluxage sont réduites, de sorte que le pourcentage d'utilisation 
 de la tension du bus de CC augmente et la vitesse de base ainsi que la vitesse de 
fonctionnement maximale sont également étendues. Plus la précision du capteur de position 
du rotor est élevée, plus les ondulations de tension, de courant et de couple sont faibles et 
donc plus proche à la capacité totale et fonctionnement optimal de la machine et du système 
d'asservissement. 
La deuxième contribution est la modélisation et l'analyse des effets de l'erreur de position du 
rotor dans la performance de la commande à flux orienté des MSAP pour des applications de 
VÉ. Un accent particulier est mis sur les ondulations de couple qui sont générées tout au long 
des trajectoires caractéristiques dans les différentes régions  d’opération  de la MSAP. Un 
modèle étendu et généralisé pour les ondulations de couple produites par la MSAP en 
fonction de l'erreur de position du rotor a été déduit analytiquement. Un système 
d'asservissement pour une MSAP – montés à l'intérieur (MI) à vitesse infinie et un système 
d'asservissement pour une MSAP – montés en surface (MS) à vitesse finie ont été considérés 
pour les simulations réalisées dans MATLAB-SimPowerSystems. Les résultats 
expérimentaux ont été validés avec un système d'asservissement de TM4 pour VÉ en 
asservissant un MSAP de 80 kW. Les ondulations de couple ont été évaluées pour les modes 
de fonctionnement de moteur et de freinage régénérative sous des conditions de couple 
maximal variant de 100 Nm à 1000 tr/min jusqu’au 55 Nm à 9000 tr/min. Les résultats de 
simulation et expérimentaux obtenus démontrent la bonne précision du modèle proposé pour 
l'évaluation des ondulations de couple produites dans les MSAP à cause de l'erreur du 
capteur de position du rotor. Les résultats de simulation ainsi qu’expérimentaux obtenus à 
partir de l’analyse dans les domaines du temps et de la fréquence montrent que l'influence de 
l'erreur de position du rotor est beaucoup plus significative dans la génération des 
ondulations de couple que d'autres causes telles que l'imprécision du capteur de courant, 
l’effet FWL, la résolution limitée de la MLI, la commutation MLI, le temps mort de 
l'onduleur, la résistance asymétrique des phases statoriques, l'effet d’encochage et la densité 
non sinusoïdal du flux d’entrefer. La compensation de l'erreur du capteur de position rotative 
monté sur la MSAPMS de 80 kW de TM4 a également permis de réduire le pourcentage 
équivalent des ondulations de couple à un intervalle compris entre 1% et 3% pour toute la 
plage opérationnelle de vitesse de la machine travaillant sous un couple maximal symétrique 
en tant que moteur ainsi que comme génératrice. Grâce à la modélisation des ondulations de 
couple et à l'algorithme de compensation de l'erreur de position du rotor basé sur les AP, la 
condition de limite maximale de 5% exigée pour les systèmes d'asservissement des MSAP de 
VÉ à haute performance a été évaluée et accomplie avec succès. 
La troisième contribution est la mise en place de deux nouveaux algorithmes basés sur 
l’injection d’une signal de tension avec une fréquence de la moitié de celle de commutation 
(ITMFC) pour effectuer la commande à flux orienté (CFO) sans capteur de position du rotor 
dans les MSAP destinées à la propulsion de VÉ. Les algorithmes de démodulation ITMFC 
rotative et pulsative  proposés n’ont pas besoin de mesures ou d'approximations de tension 
pour estimer l'angle de position du rotor. Les algorithmes proposés ITMFC basés sur la 
modulation de largeur d'impulsion (MLI) ont été comparés quantitativement et 
qualitativement par des simulations en MATLAB-SimPowerSystems ainsi 
 qu'expérimentalement par rapport aux deux approches classiques d'injection de signal de 
haute fréquence (ISHF) basées sur la modulation vectorielle spatiale (MVS). Une MSAP de 
2.5 kW avec les aimants insérés radialement dans le rotor a été utilisée pour évaluer et 
valider expérimentalement l'analyse de la performance ainsi que la comparaison des quatre 
algorithmes complètement implantés pour fonctionner en temps réel dans un processeur 
numérique de signaux (PNS) TI C2000. Les résultats obtenus avec une MSAPMI de 80 kW 
destinée à la propulsion de VÉ montrent également que les algorithmes proposés permettent 
une meilleure performance du contrôle de la machine en termes d’une génération plus faible 
des ondulations de couple et d'une boucle de régulation de courant plus rapide. L'utilisation 
des techniques ITMFC rotative et pulsative proposées pour estimer la position du rotor dans 
la plage de basse vitesse et à la condition d'arrêt peut ainsi contribuer positivement à 
l'amélioration de la tolérance-aux-pannes et de la fiabilité dans les systèmes d'asservissement 
des MSAP de traction pour des véhicules électriques légers et lourds (VELL). 
L'algorithme de compensation proposé basé sur des approximations polynomiales, la 
procédure de calibration conçue, le modèle étendu et généralisé développé pour évaluer les 
ondulations de couple produites par la MSAP en fonction de l'erreur de position du rotor 
ainsi que l'étude réalisé sur la performance de deux nouveaux algorithmes de démodulation 
ITMFC proposés pour effectuer la CFO de la machine sans capteur de position du rotor 
constituent un important pas en avant dans le domaine des systèmes d'asservissement des 
MSAP. Le développement de la théorie et des équations qui soutiennent les algorithmes 
proposés ainsi que les résultats de simulation et expérimentaux obtenus à l'ÉTS et à TM4 
avec les MSAP de 400 W, 2.5 kW et 80 kW constituent une archive précieuse pour les futurs 
travaux dans ce sujet. 
Mots clés:  Encodeur analogique magnétique, Approximations polynomiales, 
Compensation de l’erreur de position du rotor, Ondulations de couple, 
Commande à flux orienté, Injection de signal de haute fréquence, Machine 
synchrone à aimant permanent, Véhicule électrique. 

 PERFORMANCE IMPROVEMENTS ON ROTOR POSITION SENSORED AND 
SENSORLESS FOC OF PMSM INTENDED FOR EV PROPULSION 
APPLICATIONS 
Jorge LARA CARDOSO 
ABSTRACT 
The research work reported in this thesis addresses the improvement of both rotor position 
sensored and sensorless Field Oriented Control (FOC) of Permanent Magnet Synchronous 
Machines (PMSM) intended for Electric Vehicle (EV) propulsion applications. Three main 
contributions have been done on this subject. The details of each of them are given below. 
The first contribution is the development of a novel algorithm based on polynomial 
approximations (PA) for an efficient position error compensation of magnetic analog 
encoders (MAE) used in PMSMs for EV traction. The proposed PA algorithm requires a 
negligible memory space compared to a very high-resolution look-up table (LUT). The use of 
polynomials allows compensating every possible input rotor position without carrying out an 
interpolation or a rounding to the nearest quantized value. Advantageously, the polynomial 
coefficients are deduced from a calibration procedure that does not require an accurate and 
high-resolution position sensor for comparison and error-calculation purposes. The PA 
algorithm has been implemented to work in real time on a TM4 EV drive controlling an      
80 kW PMSM. The performance of the algorithm has been validated at 6000 and 9000 r/min 
under +85 and ±55 Nm of torque, respectively. The electromagnetic interference (EMI) 
effects have been minimized using a type-2 phase-locked loop (PLL). The proposed PA 
algorithm assisted with the PLL is capable of reducing the total position error to a range as 
small as ±0.2 mechanical degrees. This error has been measured under steady state 
conditions. However, the transients from the PMSM operation do not deteriorate the 
achieved compensation given that the only parameters input to the PA algorithm are the 
voltage samples of the sine and cosine signals from the uncompensated encoder and they are 
independent of the operating point of the machine. The combination of the PA algorithm and 
the type-2 PLL is a promising solution for compensating the position error from low-cost 
MAEs, thus allowing to achieve high-performance field-oriented control of PMSMs in EV 
applications. The characteristics of this high-performance PMSM-drive are the development 
of 1) Average torque with a small plausibility range for reducing the torque variation 2) 
Maximum torque with optimal stator currents to avoid wasting the energy from the battery 
and thereby extending the vehicle autonomy and 3) Small torque ripple generation for 
maximizing the torque-speed curve. By reducing the torque oscillations, the voltage ripple 
produced in the DC bus becomes smaller and the defluxing current variations are reduced, 
thus the DC bus voltage percentage utilization is increased and the based speed as well as the 
maximum operating speed are also extended. The higher the accuracy of the rotor position 
 sensor, the lower the voltage, current and torque ripples and hence the closer to the full 
capacity and optimal operation of the machine-drive. 
The second contribution is the modeling and the analysis of the effects from the rotor 
position error in the performance of FOC-PMSMs for EV applications. A special focus is 
given to the torque ripple generated along the characteristic trajectories in the different 
operating regions of the PMSM. An extended and generalized model of the torque ripple 
produced by the PMSM as a function of the rotor position error has been analytically 
deduced. An infinite-speed interior-(I) PMSM drive and a finite-speed surface-mounted 
(SM)-PMSM drive are considered for the simulations carried out in MATLAB-
SimPowerSystems. The experimental results have been validated with a TM4 EV drive 
controlling an 80 kW SM-PMSM. The torque ripple has been evaluated for both motoring 
and regenerative braking operation modes under maximum torque conditions varying from 
100 Nm at 1000 r/min up to 55 Nm at 9000 r/min. The obtained simulation and experimental 
results demonstrate the good accuracy of the proposed model for evaluating the torque ripple 
produced in PMSMs due to the error from the rotor position sensor. The simulation and 
experimental results obtained from the time- and frequency- domain analysis show that the 
influence of the rotor position error in the torque ripple generation is much significant than 
other causes such as the current sensor inaccuracy, the finite word-length (FWL) effect, the 
finite PWM resolution, the PWM switching, the inverter dead-time, the asymmetric stator 
phase resistance, the cogging effect, and the nonsinusoidal air-gap flux density. The 
compensation of the error from the rotary position sensor mounted on the 80 kW SMPMSM 
from TM4 allowed reducing the equivalent torque ripple percentage to an interval between 
1% and 3% for the entire operating speed range of the machine working under the maximum 
symmetrical motoring and generating torque. Thanks to the torque ripple modeling and the 
rotor position error compensation algorithm based on PA, the maximum limit condition of 
5% demanded in high-performance EV PMSM-drives has been successfully evaluated and 
fulfilled. 
The third contribution is the investigation of the performance of two novel Half Switching 
Frequency Voltage Injection (HSFVI) demodulation algorithms for encoderless FOC of 
PMSMs intended for EV propulsion. The proposed rotating and pulsating HSFVI 
demodulation algorithms do not require voltage measurements or approximations for 
estimating the rotor position angle. The proposed HSFVI algorithms based on Pulse Width 
Modulation (PWM) have been quantitatively and qualitatively compared by MATLAB–
SimPowerSystems simulations as well as experimentally against the two equivalent classical 
High Frequency Signal Injection (HFSI) approaches based on Space Vector Modulation 
(SVM). A 2.5 kW PMSM with radially inset rotor magnets has been used for experimentally 
evaluating and validating the performance analysis and the comparison of the four algorithms 
fully implemented to work in real-time on a TI C2000 Digital Signal Processor (DSP). The 
results obtained with an 80 kW Interior (I)-PMSM intended for EV propulsion also show that 
the proposed algorithms allow a better machine control performance in terms of a smaller 
torque ripple generation and a faster current control loop. The use of the proposed pulsating 
and rotating HSFPWM sensorless techniques for estimating the rotor position in the low 
XIII 
speed range and the standstill condition can thereby positively contribute to the fault-tolerant 
and reliability enhancement in Light and Heavy-Duty Electric Vehicle (LHDEV) PMSM-
traction drives. 
The proposed compensation algorithm based on polynomial approximations, the devised 
calibration procedure, the extended and generalized model developed for evaluating the 
torque ripple produced by the machine as a function of the rotor position error as well as the 
performance investigation carried out for the two novel HSFVI demodulation algorithms 
proposed for the encoderless FOC of the machine constitute an important step-forward in the 
domain of PMSM-drives. The development of the theory and equations that support the 
proposed algorithms as well as the simulation and experimental results obtained at ÉTS and 
TM4 with the 400 W, 2.5 kW and 80 kW PMSMs are a valuable archive for future works on 
this subject. 
Keywords:  Magnetic analog encoder, Polynomial approximations, Rotor position error 
compensation, Torque ripple, Field-oriented control, High frequency signal 
injection, Permanent magnet synchronous machine, Electric vehicle. 
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INTRODUCTION
The reduction of the dependency on fossil fuels and the involved environmental concerns are 
motivating the research on alternative sources of energy for achieving someday a sustainable 
transport system. The Electric Vehicles are showing to be serious candidates to fulfill this 
goal. Even when the electricity used to charge them comes from a CO2 emitting source, they 
pollute one half to one third of a typical combustion engine-based car because of the higher 
efficiency of electric machines (evHUB, 2011). 
 
Global electric vehicles sales surpassed three quarters of a million in 2016. This is roughly 
42% higher than for 2015 (EV-volumes, 2017). Bearing in mind that this exponential 
growing trend will certainly continue over the next years, the research regarding the different 
aspects of the EVs technology will also be a continuous source of study and knowledge 
generation. 
 
New technologies on Li-metal batteries having super high densities of around                 
400-500 Wh/kg (SolidEnergy, 2016) will make possible to achieve an amazing EV autonomy 
range that surpasses the 346 Km. Likewise, the high band-gap semiconductors such as 
Silicon Carbide (SiC) and Gallium Nitride (GaN) will revolutionize the power switching 
devices and all the static converters-based applications. The EVs will likewise benefit from 
their outstanding characteristics, i.e., higher operating temperature, better thermal dissipation, 
higher switching frequencies and lower power losses. The new generation of 480V super-
chargers will allow soon a full charge in as little as half-an hour (Tesla, 2016). The advances 
on machine design, power electronics and drives as well as on the control algorithms are 
making possible to achieve acceleration times below 5 seconds to go from 0 to 100 Km/h as 
well as to reach with ease top speeds over 200Km/h. In the upcoming years, not only the 
autonomy range, time-of-charge, acceleration-time, top speed and cost reduction are a 
challenge but also the reliability, safety and overall performance during the life-span of the 
vehicle. 
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The Permanent Magnet Synchronous Machine (PMSM) and the Induction Machine (IM) are 
the main types of electric machines currently used in the massive production market of EVs. 
The PMSM has been successfully integrated in various models released by Nissan, Honda 
and Toyota whereas the IM remains being the workhorse in companies such as Tesla, 
Renault, Chevrolet, Chrysler and BMW. In spite that the IM has a superior robustness, a 
higher reliability, a less material cost and a zero dependency on the fluctuating rare earths 
market, the PMSM is preferred when the characteristics of high efficiency and compactness, 
high power density, fast dynamics, high torque to inertia ratio and wider constant power 
region are demanded (Zeraoulia et al., 2006). 
 
Either Direct Torque Control (DTC) or (FOC) Field Oriented Control can be used for 
independently controlling the rotor flux and the torque developed by the PMSM. The pros of 
DTC are a less complexity of implementation, the absence of current controllers to tune, the 
no requirement of the rotor position information, the less power computing and processing-
time consumption as well as the ease of adaptation to any PMSM by knowing just a 
minimum of its basic parameters. Nevertheless, the cons of variable switching frequency, 
lower efficiency, poor performance at low speeds and high torque ripple generation make 
DTC unsuitable for high-performance PMSM-drives. Although FOC requires a deep 
knowledge of the machine parameters as well as a detailed analysis and a full 
characterization before commissioning it, the achieved performance can successfully fulfill 
the strict requirements of controllability, reliability and safeness demanded in EV 
applications. 
 
Given that the FOC technique implies coordinate transformations from the stationary to the 
rotating reference frame and vice-versa, the knowledge of the rotor flux orientation indirectly 
measured by absolute position sensors such as resolvers and encoders attached to the shaft of 
the machine is essential. The closer the rotor position measurement or estimation to the real 
value, the better the quality of the control and the higher the achieved performance. The big 
importance of this rotor position variable in FOC-PMSM drives for EVs has thus been a 
fairly interesting and justifiable motivation of the research work presented in this thesis. The 
3 
 
following titles of the three IEEE Transactions on Industrial Electronics ( TIE ) published 
during my doctoral studies reflect the main axes of research as well as the contributions 
presented in this thesis: 1) A Novel Algorithm Based on Polynomial Approximations for an 
Efficient Error Compensation of Magnetic Analog Encoders in PMSMs for EVs 2) Effects of 
Rotor Position Error in the Performance of Field-Oriented-Controlled PMSM Drives for 
Electric Vehicle Traction Applications 3) Performance Investigation of Two Novel HSFVI 
Demodulation Algorithms for Encoderless FOC of PMSMs Intended for EV Propulsion: A 
DSP-Based Experimental Study. Note that each of these three papers is the content of 
Chapter 2, Chapter 3 and Chapter 4, respectively. 
 
In Chapter 1, the problem statement, the literature review as well as the objectives and the 
methodology of the research work are introduced. The originality and contribution of each of 
the three IEEE TIE papers as well as the thesis summary are alike described in detail in this 
chapter. 
 
In Chapter 2, a novel algorithm based on Polynomial Approximations for an efficient error 
compensation of MAEs in PMSMs intended for EV propulsion is presented. The proposed 
algorithm fairly increases the rotor-position measurement accuracy without carrying out an 
interpolation or a quantization operation, and advantageously, it only requires storing 56 
coefficients for a fifth-order approximation, thereby reducing in around 90% the memory 
resources required from the DSP compared to a typical high-resolution LUT of 512 points. 
The PA algorithm is quite efficient bearing in mind that solely 20 multiplications and 14 
additions have to be executed in real time, thus consuming less than 0.25 s of the DSP time 
step set for executing the FOC algorithm. The position error of 0.75 electrical degrees 
obtained with the TM4 EV drive controlling the 80 kW PMSM demonstrates that the 
proposed PA algorithm assisted with the type-2 PLL is a promising solution to compensate 
the position error of MAEs in PMSMs for EV applications. 
 
In Chapter 3, the effects of the rotor position error in the performance of FOC PMSM-drives 
intended for EV traction applications are analyzed. The extended and generalized model 
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developed for evaluating the torque ripple produced in PMSMs due to the error from the 
rotor position sensor is verified in simulation for a finite-speed SMPMSM-drive and an 
infinite-speed IPMSM-drive. The experimental results obtained with the 400-W SMPMSM 
and the 80-kW demonstrate the accuracy of the proposed model. The compensation of the 
error from the rotary position sensor mounted on an 80-kW SMPMSM from TM4 allowed 
reducing the equivalent torque ripple percentage to an interval between 1% and 3% for the 
entire operating speed range of the machine working under the maximum symmetrical 
motoring and generating torque. Thanks to the torque ripple modeling and the rotor position 
error compensation algorithm based on PA, the maximum limit condition of 5% demanded in 
high-performance EV PMSM-drives has been successfully evaluated and fulfilled. 
 
In Chapter 4, the performance of two novel HSFVI demodulation algorithms for encoderless 
FOC of PMSMs intended for EV propulsion is investigated. The achieved DSP-based 
qualitative and quantitative comparison analysis exhaustively validated through simulations 
and experiments with a 2.5kW PMSM shows that the proposed PWM-based HSFSI 
techniques present a smaller rotor position error and a larger bandwidth than the classic 
SVM-based HFSI sensorless algorithms. Therefore, they allow a better machine control 
performance in terms of a smaller torque ripple generation and a faster current control loop. 
Thanks to the very small -inductances value and the larger saliency ratio of the 
simulated 80kW IPMSM intended for EV propulsion, the dc bus voltage utilization 
percentage required for achieving a large high frequency stator currents SNR and thus a 
small rotor position estimation error does not limit the operating frequency of the proposed 
HSFVI algorithms. Hence, the parameters of the EV-IPMSM can allow increasing eventually 
the injection frequency up to 20 kHz, where the audible noise is virtually unnoticeable for 
human ear. The use of the proposed pulsating and rotating HSFPWM sensorless techniques 
for estimating the rotor position in the low speed range and the standstill condition can 
thereby positively contribute to the fault-tolerant and reliability enhancement in LHDEV 
PMSM-traction drives. 
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The thesis finalizes providing the general conclusions, the future work and the Appendices I, 
II, III and IV that contain important design and analysis information as well as more data and 
details added for complementing each of the three research papers. 
 
The proposed algorithms, the developed models, the derived equations as well as the obtained 
simulations and experimental results constitute valuable performance improvements on rotor 
position sensored and sensorless FOC of PMSMs intended for EV propulsion applications. 

  
CHAPTER 1 
RESEARCH OUTLINE 
 
This chapter presents the outline of the research work included in this thesis. Section 1.1 
describes the problem statement that has motivated the development of this doctoral study. 
The literature review given in section 1.2 provides an overview of the solutions proposed by 
researchers over the last years for giving a step-forward in the problem solving. The 
objectives of the thesis as well as the methodology followed to achieve the goals are defined 
in section 1.3. The originality and contribution of each of the three IEEE TIE papers is 
explained in section 1.4 whereas the details of the IEEE Transactions and the IEEE 
Conference articles published during my doctoral studies are given in section 1.5. Finally, a 
summary of chapters 2, 3 and 4 is given in section 1.6. 
 
1.1 Problem statement 
The research work presented in this thesis addresses three main problems.  
 
The first problem is described as follows:  In order to perform field-oriented control (FOC) 
of permanent-magnet synchronous machines (PMSMs), the orientation of the rotor flux 
generated by the permanent magnets must be known. This variable is indirectly measured by 
absolute rotary position sensors such as resolvers and encoders attached to the machine shaft. 
In electric vehicle (EV) applications, the performance of such sensors is highly demanding 
because the rotor position measurement is directly related to the torque quality produced by 
the PMSM. Given that even a costly high-quality encoder or resolver with remarkable 
resolution, precision, and accuracy and based on any operating principle will present an 
inherent periodic position error due to different causes (Hanselman, 1990; Lara and Chandra, 
2014b; Lin et al., 2011) including the nonideal mechanical mounting of their components on 
the machine, thus the use of low-cost rotary position sensors improved with efficient 
position-error compensation algorithms is strongly attracting the attention of academic 
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researchers and industry professionals. The main nonidealities found in the quadrature analog 
signals from these position sensors must be fairly compensated in order to achieve a high-
performance control of the PMSM. 
 
The second problem is described as follows: Rotor position error plays a very important role 
in high-performance field-oriented control (FOC) of permanent-magnet synchronous 
machines (PMSMs) intended for EV traction applications, where the maximum average 
torque with a minimum torque ripple is demanded over the entire operating speed range of 
the machine. Because of the inherent position error from the encoder or resolver attached to 
the PMSM shaft, the direct and quadrature stator currents deduced from the Park’s 
transformation provide a mistaken feedback to the FOC algorithm; thus, producing real stator 
current vectors characterized by the unwanted effects of torque ripple and air-gap flux 
variations. (Chen et al., 2007; Hao et al., 2013; Rahman and Hiti, 2005) have analyzed the 
torque–speed characteristic curves of various IPMSMs considering different errors from the 
rotary position sensor. The obtained curves demonstrate how an inaccurate rotor position 
measurement leads to a severe degradation of the machine-drive performance and how in 
some cases, the resulting torque, power and efficiency reduction along the flux weakening 
(FW) region can reach unacceptable levels. Therefore, the development of a model for 
analyzing the impact of the rotor position error in the PMSM-drive performance is 
mandatory. 
 
The third problem is described as follows: The performance of FOC-PMSMs heavily 
depends on the accuracy and resolution of the rotor position sensor (Lara et al., 2016a). High 
quality encoders and resolvers can fulfill this requirement in demanding applications (Lara 
and Chandra, 2014b) such as PMSM-drives for light and heavy-duty electric vehicle 
(LHDEV) traction applications (Lara et al., 2016b). Nevertheless, the sensor components are 
prone to mechanical and electrical failures that can put the vehicle out of service or even lead 
to severe dangerous scenarios. In this regard, the use of rotor position sensorless algorithms 
working as a backup of the position sensor can positively contribute to the fault-tolerant and 
reliability enhancement in LHDEV PMSM-traction drives (Kano et al., 2013). 
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The state-of-art and the research done in the past addressing each of the three problem 
statements defined in section 1.1 is portrayed below: 
 
For the first problem the literature review is as follows :  Over the last years, different radial 
and axial configurations of low-cost linear Hall-effect sensors have been proved to be 
effective for providing high-resolution and accurate rotor position measurements (Hu et al., 
2012; Wu et al., 2014) including electromechanical braking systems (EMB) (Choi et al., 
2015), vacuum pumps (Jung and Nam, 2011), and PMSM integrated starter generators (ISG) 
for hybrid electric vehicle (HEV) applications (Chen et al., 2007). Likewise, interesting 
online compensation algorithms have been also devised to counteract the main nonidealities 
found in the quadrature analog signals from these position sensors: iterative optimization 
algorithm (IOA) (Lara and Chandra, 2014b), Kalman filter (KF) (Hu et al., 2012), adaptive 
notch filter (ANF)-phase-locked loop (PLL) (Jung and Nam, 2011), self-adaption Kalman 
observer (SAKO) (Shi et al., 2015), autotuning filter (AF) (Qamar et al., 2015), artificial 
neural networks (ANN) (Kok Kiong and Kok-Zuea, 2005), adaptive ellipse fitting (AEF) 
(Hoseinnezhad et al., 2007), advanced adaptive digital (AAD)-PLL (Hoang and Jeon, 2011), 
decoupled double synchronous reference frame (DSRF)-PLL (Bergas-Jan et al., 2012; Xu et 
al., 2012), gain-phase-offset-correction (GPOC) (Bunte and Beineke, 2004; Faber, 2012), 
probabilistic learning (Kavanagh, 2001), Fourier analysis (Aksenenko and Matveyev, 2005; 
Ramakrishnan et al., 2013), and some other special methods (Hwang et al., 2011; Hwang et 
al., 2010; Mok et al., 2007). In contrast to the online correction algorithms, the static 
calibration methods are less prone to undergo instability conditions that can unexpectedly 
lead to dangerous scenarios in a real EV on the road. A traditional static calibration consists 
in a compensating look-up table (LUT) (Hagiwara et al., 1992; Hanselman, 1991; Ju-Chan et 
al., 2006; Lin et al., 2011; Tan et al., 2002) that generally stores either the position error or 
the direct mapping of the measurement from the position sensor under test to the reading of a 
high accuracy encoder. A better error compensation is possible by increasing the LUT 
resolution. Nevertheless, the larger amount of memory required to store the data is a tradeoff 
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in embedded applications running on low-cost digital signal processors (DSP), where 
hardware resources are quite limited. 
 
For the second problem the literature review is as follows: Over the past years, different 
torque ripple minimization techniques roughly categorized into machine design and machine 
control have been proposed by academicians and industry professionals (Nakao and Akatsu, 
2014). On the machine-control side, diverse algorithms based on repetitive control 
(Mattavelli et al., 2005), artificial neural networks (Flieller et al., 2014), resonant controllers 
(Xia et al., 2015; Yepes et al., 2015), fuzzy logic (Uddin, 2011), predictive control (Chai et 
al., 2013; Cho et al., 2015; Zhu et al., 2012), adaptive control (Mohamed and El-Saadany, 
2008; Petrovic et al., 2000; Sencer and Shamoto, 2014), and iterative learning control 
(Weizhe et al., 2004; Weizhe et al., 2005) have been proved to be effective in reducing the 
amplitude of both torque and speed error oscillations in various PMSM applications. This 
kind of algorithms counteracts the global effect of numerous sources that contribute 
concurrently to the torque ripple generation, e.g., asymmetric stator phase resistance (Xu et 
al., 2014), nonsinusoidal air-gap flux density, rotor permanent-magnet field and stator slots 
interaction, imperfect current sensing, finite resolution of the pulse width modulation 
(PWM), among others (Gebregergis et al., 2015; Shaotang et al., 2002; Weizhe et al., 2004; 
Xu et al., 2014). However, the experimental results obtained in this study with two different 
PMSMs show that the torque oscillations caused by these sources are negligible compared to 
the torque ripple produced by just a few electrical degrees of error in the rotor position 
measurement. For this reason, the research work of (Hanselman, 1990; Lara and Chandra, 
2014b; Lara et al., 2016b; Lin et al., 2011; Ramakrishnan et al., 2013) mainly focuses on the 
inaccuracy of the position sensor for evaluating the overall performance of FOC PMSM-
drives intended for EV applications. Below the base speed, the influence of the rotor position 
error on the PMSM-drive performance is negligible. Nevertheless, it becomes increasingly 
important with rotor speed along the constant power region. Therefore, the performance 
analysis results are inherently correlated with the FW technique used for the simulations and 
the experimental tests. In the past, insightful techniques that increase the voltage utilization 
of the limited dc bus as well as effective and efficient FW algorithms have been devised to 
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extend the PMSM-drives torque–speed characteristics (Bolognani et al., 2014; Bon-Ho et al., 
2003; Gallegos-Lopez et al., 2005; Jung et al., 2015; Lin and Lai, 2012; Nalepa and 
Orlowska-Kowalska, 2012; Wai and Jahns, 2001). The scheme proposed by Wai and Jahns 
(Wai and Jahns, 2001) has the advantages of simplicity and good performance. The original 
scheme that consists of an integrator with antiwindup must be adapted for working in both 
motoring and generating modes. 
 
For the third problem the literature review is as follows: The High Frequency Signal 
Injection (HFSI) methods rely on the geometrical and saturation saliency properties of the 
machine (Ha, 2008). The variation of the high frequency inductances (HFI) as a function of 
the rotor position makes possible the estimation at standstill as well as in the low-speed range 
where the Back-Electromotive Force (BEMF)-based algorithms are inherently unsuitable. 
The HFSI methods are also feasible for the high speed range provided that the HFI are 
relatively small so that the voltage required from the DC bus for injection purposes is not a 
concern (Gao et al., 2009; Masaki et al., 2002). Over the last years, researchers have done a 
significant step-forward regarding the HFSI algorithms for encoderless FOC of PMSMs. The 
exhaustive classification presented in (Briz and Degner, 2011) considers important aspects 
such as the continuity of the excitation, the machine winding connection, the number of sensors 
required for either voltage or current injection, the frame of coordinates as well as the type of 
modulation. In Voltage Source Converter (VSC)-based algorithms working with SVM, the 
injection frequency range commonly varies around 400Hz-1kHz (Ji-Hoon et al., 2004; Ji-Hoon 
et al., 2003; Lara et al., 2012; Liu and Zhu, 2014; Luo et al., 2016; Wang et al., 2013; Xu and 
Zhu, 2016a; 2016b; Yu-seok et al., 2005) whereas in the algorithms working with PWM, the 
injection frequency is near the switching frequency (Gabriel et al., 2013; Kano et al., 2012; 
Kim et al., 2016; Kim et al., 2011b; Kim and Sul, 2011; Yoon et al., 2011) or even they 
become equal (Kim et al., 2011a; 2012; Lara and Chandra, 2014a; Masaki et al., 2002). The 
frequency range of the injected signal in the methods using PWM is much higher than in those 
using SVM. This difference is mainly because the HF demodulation algorithms in the PWM-
based methods do not involve digital filters. By doing so, the top injection frequency is 
inherently limited given that for a constant sampling rate, the number of samples decreases as 
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the frequency of the injected signal increases, thus deteriorating the performance of the filters. In 
order to overcome this issue, the use of analog filters for HF demodulation purposes has been 
recently proposed in (Jung and Ha, 2015). The PWM modulation is also preferred over SVM 
when the HF demodulation algorithm is sensitive to the inverter nonlinearities, e.g. the dead-
time effect can give rise to a severe deterioration of the rotor position estimation (Briz and 
Degner, 2011; Gabriel et al., 2013). The use of higher frequencies using PWM-based 
algorithms is likewise motivated due to the audible nuisance caused by the sound that arises 
from the vibration of the stator windings of the machine. If the frequency of the injected signal 
reaches the upper pitch audibility limit of human ear of around 20 kHz, the hassle acoustic 
frequency can be virtually unnoticeable (Gabriel et al., 2013; Jung and Ha, 2015; Kim et al., 
2012). In previous literature on the subject (Kim et al., 2011a; 2012; Kim et al., 2016; Kim et 
al., 2011b; Ogasawara and Akagi, 1998; Petrovic et al., 2003), the HF demodulation algorithms 
working in the stationary reference frame require both voltage and current measurements given 
that they are based on the inductance matrix of the PMSM model that contains the valuable 
rotor position information. This dependency on stator voltage measurements makes the 
demodulation particularly susceptible not only to measurement errors due to the inaccuracy and 
limited bandwidth of the voltage sensors but to the imprecise extraction and computing of the 
mean value from the high frequency voltage pulse over a carrier period. A special acquisition 
system with a sampling frequency much higher than the switching frequency is required to 
achieve accurate results. Moreover, when the voltage references from the FOC are used instead 
of the measured values, the rotor position estimation is inherently degraded given that the 
nonlinearities of the inverter are fully disregarded. Likewise, the HF sensorless algorithms 
based on zero-sequence voltage components (ZSVC) (Xu and Zhu, 2016a; 2016b) not only 
require extra-hardware but access to the neutral point of the machine, which is not typically 
available in industrial drives (Briz and Degner, 2011). The ZSVC-based methods are inherently 
unfeasible for implementation in PMSMs with delta-connected windings. 
 
13 
1.3 Objectives and methodology 
This research work has the aim of contributing to the solution of the three problems stated in 
section 1.1. Accordingly, the three objectives of this thesis are as follows: 
 
1)  To develop a novel algorithm for compensating the rotor position error in magnetic 
analog encoders (MAE) used in PMSMs intended for electric vehicle propulsion;  
 
2)  To develop a model for analyzing the effects of the rotor position error in the 
performance of FOC-PMSM drives intended for EV traction applications; 
 
3)  To investigate the performance of two novel Half Switching Frequency Voltage 
Injection (HSFVI) demodulation algorithms for encoderless FOC of PMSMs intended 
for EV propulsion. 
 
The methodology adopted for achieving each of these three objectives is composed by the 
following five sequential steps: 
 
a)  Development of the mathematical model that supports the theory behind the proposal. 
The nonidealities present in the quadrature signals of magnetic encoders, i.e., amplitude 
mismatch, nonzero dc offset, nonorthogonality and harmonic distortion produce a 
characteristic periodical position error. The expressions that model the error produced 
due to each of these nonidealities have been mathematically deduced. The resulting set 
of equations constitutes the first model developed in the methodology. The second 
developed model has made possible the evaluation of the torque ripple produced in 
PMSMs due to the error from the rotor position sensor along the different characteristic 
trajectories and operating regions of the machine. The third developed model supports 
the theory behind the PMSM that makes possible the encoderless FOC of the machine 
by means of the proposed Half Switching Frequency Voltage Injection (HSFVI) 
demodulation algorithms. 
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b)  Preliminary validation through MATLAB-SimPowerSystems-based simulations of the 
models and algorithms developed for solving the problematic. The SimPowerSystems 
toolbox is a very powerful tool to simulate the behavior of electrical and mechanical 
dynamic systems. This tool has allowed simulating the sensored and sensorless FOC 
algorithms applied to both SMPMSMs and IPMSMs. Likewise, the position errors 
obtained from the nonidealities of the magnetic encoder have been validated using 
Simulink and an m-file containing the modeling equations. Thanks to the simulation 
results, important questions have also been answered before building the prototype in 
the laboratory, e.g. the DC voltage required for the drive to develop the maximum 
torque at the desired maximum speed, the total power generated during regenerative 
braking, the torque ripple in the different operating regions, the magnitude of the high 
frequency current produced for a given magnitude of high frequency voltage injected in 
the stator windings of the machine, among others. In order to achieve high-performance 
of the developed algorithms in the various machines analyzed, it was necessary to 
accurately tune the PI current controllers, the PI position estimators, the PI compensator 
in the PLLs as well as the flux weakening regulators. The procedure to find the optimal 
gains of these controllers is generally a complex task. However, given that the 
simulations were carried out with the same time-steps used in the DSP for the 
experiments, i.e., 50s, 125s and 200s, the tuning of the diverse controllers was done 
with relative ease. The obtained simulation results also have strongly helped to identify 
and size the components and equipment required for the experimental validation before 
purchasing them or mounting them, thus saving money, time and effort. Although the 
discretization and quantization operation performed for carrying out the control with a 
digital processor inherently implies a mapping error between the continuous and the 
discrete domains given that the real plant and the analog sensors inherently belong to a 
continuous system, it has been possible to achieve a high-performance FOC of the 
PMSM. It must be also beared in mind that the simulation only considers a few main 
variables that characterize the physical system. Therefore, the simulation results are just 
an approximation to the real system response. However, the simulation curves obtained 
from this simplified model provide a quite acceptable behavior prediction. If the 
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immense number of variables that influence the real system as well as the nonlinear 
dependency and interaction among them were considered in the simulation, it would 
become highly complex and unfeasible.  
 
c) Software development for executing the required algorithms in real-time using a TI 
DSP. Once the simulations provide good results, the proposed models and algorithms 
have been implemented to work in real-time on a Digital Signal Processor (DSP). The 
Matlab-Simulink environment includes an embedded-coder toolbox capable of 
automatically generating C-language code fully compatible with the TI C2000 family 
of DSPs. This tool is very useful and allows saving too much programming time. 
Nevertheless, for a complex control system, the generated code needs to be improved in 
order to achieve an acceptable small execution time-step whereas the time-critical 
routines must be necessarily hand-programmed. The integration of generated-code and 
hand-code was carried out successfully in C-language using Code Composer Studio. 
The resulting .out file obtained after compilation, assembly and linking allows 
programming either the flash or the RAM memory of the DSP. 
 
d)  Building and mounting of the experimental setups in the hardware laboratory. Three 
different test benches have been built to obtain the experimental results that validate the 
proposed models and algorithms. The first setup consisted of the machine under test, a 
three-phase wye-connected 400-W SMPMSM tightly coupled to another 400-W 
SMPMSM controlled in speed-mode by a high-performance industrial drive. Two 
reconfigurable banks of rechargeable lead-acid batteries from Enerwatt have been used 
to feed the dc bus of the two-level inverter based drives. The second setup consisted of 
an EV-drive controlling an 80-kW SMPMSM, both of them designed and manufactured 
by the company TM4. The 80-kW machine has been coupled to the driveshaft of an 
induction machine by means of an EV gearbox with a ratio of 10:1. The third setup 
consisted of a 2.5-kW SMPMSM with radially inset rotor magnets. This machine has 
been coupled to a 4kW induction machine controlled in speed mode by an 8kW ABB-
drive implementing DTC. The 250Vdc-bus of the Lab-Volt inverter connected to the        
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2.5-kW PMSM has been fed with a 4kW bi-directional DC voltage source from 
Convertronix. In the second and third setups, the energy generated during the 
regenerative braking has not been dissipated through resistors in the form of heat but it 
has been sent back to the grid. The first and third setups with the 400W and 2.5kW 
PMSMs have been built at GRÉPCI-ÉTS laboratory whereas the second setup with the 
80kW PMSM has been built at TM4 facilities. Likewise, the developed magnetic 
encoder prototype was successfully mounted on the back-side of the three PMSMs under 
test. Moreover, in the three setups, the board that controls the drive and performs in real-
time the FOC of the machine is based on a DSP from Texas Instruments. 
 
e)  Final validation of the theoretical models and the simulations by means of exhaustive 
experimental tests under different operating conditions. This stage also includes the 
characterization, performance evaluation and comparison of the achieved results with 
respect to the ones reported in previous published works. The first setup with the 400W 
PMSM was tested at ±5000 r/min under no torque as well as at 3000 r/min and ±4000 
r/min under torque step-changes from ±1.2 to 41.2 Nm while alternating from the 
uncompensated to the compensated rotor position. The second setup with the 80-kW 
PMSM has been evaluated for both motoring and regenerative braking operation modes 
under maximum torque conditions varying from 100 Nm at 1000 r/min up to 55 Nm at 
9000 r/min. The third setup with the 2.5kW PMSM has been tested at 300 rpm under 
100% torque step-changes of ±9Nm. The experimental results obtained with the three 
different setups have successfully demonstrated the validity of the proposed models and 
algorithms. 
 
1.4 Originality and contribution 
The originality of each of the three proposed solutions and their contribution with respect to 
the state-of-the-art and the research works published over the past years are explained below: 
 
1)  The proposed algorithm based on polynomial approximations (PA) quite reduces the size 
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 of the required read-only memory (ROM) in comparison with a very high-resolution 
calibration LUT. The use of polynomials allows compensating every possible input rotor 
position without carrying out an interpolation or a quantization operation. 
Advantageously, the polynomial coefficients are deduced from a calibration procedure 
that does not require an accurate and high-resolution position sensor for comparison and 
error-calculation purposes. 
 
2)  In the implementation of the techniques of MTPA, FW1, and MTPV/FW2, the vector 
control condition &5#= 0 assumed in the previous literature for finding the torque 
developed by the PMSM as a function of the rotor position error is no longer satisfied. 
The proposed extended and generalized model considering the condition &5#  0 is valid 
for both SMPM and IPM machines working in any of the aforementioned scenarios. 
 
3)  The two proposed half switching frequency demodulation algorithms in the stationary and 
rotating coordinates estimate the rotor position angle without requiring any information 
about the inverter output voltage feeding the stator windings of the PMSM. The use of 
only current measurements simplifies their implementation and allows avoiding voltage 
measurement issues as well as voltage assumptions and approximations that inherently 
deteriorate the valuable position estimation. The no need of extra-hardware and the 
capability of working indistinctly with PMSMs having either delta- or wye-connected 
windings allow an easier integration of the proposed algorithms with most of the PMSM-
drives currently available in industry. 
 
1.5 Publications 
The proposed solution for each of the three problems formerly described in section 1.1 is the 
key content of Chapter 2, Chapter 3 and Chapter 4, respectively. Each of these Chapters 
corresponds to one of the papers already published or submitted on the prestigious IEEE
Transactions on Industrial Electronics. This journal has an impact factor of 6.383, one of the 
highest in the IEEE ranking. 
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The first Transactions paper already published is: 
 
   1)  Lara, J., J. Xu, and A. Chandra. 2016a. "Effects of Rotor Position Error in the 
Performance of Field-Oriented-Controlled PMSM Drives for Electric 
Vehicle Traction Applications". IEEE Transactions on Industrial 
Electronics, vol. 63, no 8, p. 4738-4751. 
 
The second Transactions paper already published is: 
 
 2)  Lara, J., J. Xu, and A. Chandra. 2016b. "A Novel Algorithm Based on 
Polynomial Approximations for an Efficient Error Compensation of 
Magnetic Analog Encoders in PMSMs for EVs". IEEE Transactions on 
Industrial Electronics, vol. 63, no 6, p. 3377-3388. 
 
 
The third Transactions paper already submitted is: 
 
  3)   Lara, J., and A. Chandra. 2016c. "Performance Investigation of Two Novel 
HSFVI Demodulation Algorithms for Encoderless FOC of PMSMs Intended 
for EV Propulsion: A DSP-Based Experimental Study". Submitted to    
IEEE Transactions on Industrial Electronics on November 2016 (Paper 
Submission Number: 16-TIE-3349). 
Although the three following IEEE Conference articles have been already published, they 
have not been included in the Chapters. However, their content information has contributed 
to enrich the literature review and the state-of-art of the Transactions papers. The citations of 
these conference papers are given below: 
 
1)  Lara, J. and A. Chandra. 2014a. "Performance study of switching frequency 
signal injection algorithm in PMSMs for EV propulsion: A comparison in 
stator and rotor coordinates". In 2014 IEEE 23rd International Symposium on 
Industrial Electronics (ISIE). (1-4 June 2014), p. 865-870. 
 
2)  Lara, J. and A. Chandra. 2014b. "Position error compensation in quadrature 
analog magnetic encoders through an iterative optimization algorithm". In 
IECON 2014 - 40th Annual Conference of the IEEE Industrial Electronics 
Society. (Oct. 29 2014-Nov. 1 2014), p. 3043-3048. 
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3)    Lara, J., A. Chandra, and J. Xu. 2012. "Integration of HFSI and extended -
EMF based techniques for PMSM sensorless control in HEV/EV 
applications". In IECON 2012 - 38th Annual Conference on IEEE 
Industrial Electronics Society. (25-28 Oct. 2012), p. 3688-3693. 
 
1.6 Thesis summary 
A brief description of the content organization of Chapter 2, Chapter 3 and Chapter 4 is given 
below. 
 
The content of Chapter 2 is organized as follows: Section 2.2 presents the mathematical 
model of the position error caused by the main nonidealities found in quadrature analog 
encoders. In section 2.3, the calibration procedure and the proposed PA compensation 
algorithm are explained in detail. The experimental results obtained from the calibration 
procedure and the proposed compensation algorithm assisted with a type-2 PLL are shown in 
section 2.4. The experimental validation with the TM4 EV drive controlling an 80 kW 
PMSM is presented in section 2.5. Finally, the conclusion and some important remarks are 
given in section 2.6. 
The content of Chapter 3 is organized as follows: Section 3.2 presents the proposed extended 
and generalized modeling of the torque ripple produced in PMSMs due to the error from the 
rotor position sensor. The characteristic trajectories in the different operating regions of the 
PMSM are derived and described in detail in section 3.3. Section 3.4 shows the simulation 
results obtained from the torque ripple evaluation along the particular trajectories of a finite-
speed 400-W SMPMSM-drive and an infinite-speed 80-kW IPMSM-drive intended for high-
speed EV propulsion. The rotor position sensor and the rotor position error compensation 
algorithm used in this study are described in section 3.5. The experimental results obtained 
with the 400-W SMPMSM-drive previously simulated are shown in section 3.6. In order to 
evaluate the torque ripple for the general PMSM model, the simulations of section 3.4 are 
carried out with an 80-kW IPM machine. However, the experimental validation presented in 
section 3.7 is performed with an 80-kW SMPM machine. Finally, the conclusion and some 
important remarks are given in section 3.8. 
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The content of Chapter 4 is organized as follows: The classical pulsating and rotating SVM-
based HFSI techniques are analyzed in section 4.2 while the proposed PWM-based HSFSI 
algorithms in both stator and rotor coordinates are presented in section 4.3. Each of these 
sections includes its respective high-frequency PMSM model and equations that theoretically 
support the encoderless FOC of the machine. The MATLAB–SimPowerSystems-based 
simulations and the experimental results obtained with the 2.5kW PMSM having radially inset 
rotor magnets are shown next to each other along the text of section 4.2 and section 4.3, thus 
allowing a simultaneous validation and an easier tracing and comprehension of the characteristic 
waveforms for the different methods. The quantitative and qualitative performance comparison 
and analysis for the four HFSI sensorless techniques are presented in section 4.4. This section 
also includes the simulation results obtained from the encoderless FOC of an 80kW IPMSM 
intended for EV propulsion. Finally, the conclusion and some important remarks are given in 
section 4.5. 
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Abstract
This paper presents a novel algorithm based on polynomial approximations (PAs) for an 
efficient error compensation of magnetic analog encoders (MAEs) in permanent-magnet 
synchronous machines (PMSMs) intended for electric vehicle (EV) propulsion. The proposed 
PA algorithm requires a negligible memory space compared to a very high-resolution look-
up table (LUT). The use of polynomials allows compensating every possible input rotor 
position without carrying out an interpolation or a rounding to the nearest quantized value. 
The PA algorithm has been implemented to work in real time on a TM4 EV drive controlling 
an 80 kW PMSM. The performance of the algorithm has been validated at 6000 and 9000 
r/min under +85 and ±55 Nm of torque, respectively. Considering an EV gearbox with a ratio 
of 9.7:1 and tires with a diameter of around 49 cm, the PMSM rotor speed from these tests 
are equivalent to a vehicle’s speed of about 58 and 87 Km/h, respectively. The 
electromagnetic interference (EMI) effects have been minimized using a type-2 phase-locked 
loop (PLL). The proposed PA algorithm assisted with the PLL is capable of reducing the 
total position error to a range as small as ±0.2 mechanical degrees. Bearing in mind that the 
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machine has five pole pairs, this error is equivalent to ±1 electrical degrees. The 
combination of these two algorithms is a promising solution for compensating the position 
error in quadrature analog encoders. The experimental results obtained with the 80 kW 
PMSM demonstrate the feasibility of low-cost MAEs for achieving high-performance field-
oriented control (FOC) of PMSMs in EV drives. 
 
Index Terms — Calibration procedure, electric vehicle (EV), magnetic analog encoder 
(MAE), permanent magnet synchronous machine (PMSM), phase-locked loop (PLL), 
polynomial approximation (PA), position-error compensation. 
 
2.1 Introduction 
In order to perform field-oriented control (FOC) of permanent-magnet synchronous machines 
(PMSMs), the orientation of the rotor flux generated by the permanent magnets must be 
known. This variable is indirectly measured by absolute rotary position sensors such as 
resolvers and encoders attached to the machine shaft. In electric vehicle (EV) applications, 
the performance of such sensors is highly demanding because the rotor position measurement 
is directly related to the torque quality produced by the PMSM. Given that even a costly 
high-quality encoder or resolver with remarkable resolution, precision, and accuracy and 
based on any operating principle will present an inherent periodic position error due to 
different causes (Hanselman, 1990; Lara and Chandra, 2014b; Lin et al., 2011) including the 
nonideal mechanical mounting of their components on the machine, thus the use of low-cost 
rotary position sensors improved with efficient position-error compensation algorithms is 
strongly attracting the attention of academic researchers and industry professionals. 
 
Over the past years, different radial and axial configurations of low-cost linear Hall-effect 
sensors have been proved to be effective for providing high-resolution and accurate rotor 
position measurements (Hu et al., 2012; Wu et al., 2014) including electromechanical 
braking systems (EMB) (Choi et al., 2015), vacuum pumps (Jung and Nam, 2011), and 
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PMSM integrated starter generators (ISG) for hybrid electric vehicle (HEV) applications 
(Chen et al., 2007). 
 
The main nonidealities found in the quadrature analog signals from these position sensors 
must be fairly compensated in order to achieve a high-performance application. Over the past 
years, interesting online compensation algorithms have been devised to counteract this issue: 
iterative optimization algorithm (IOA) (Lara and Chandra, 2014b), Kalman filter (KF) (Hu et 
al., 2012), adaptive notch filter (ANF)-phase-locked loop (PLL) (Jung and Nam, 2011), self-
adaption Kalman observer (SAKO) (Shi et al., 2015), autotuning filter (AF) (Qamar et al., 
2015), artificial neural networks (ANN) (Kok Kiong and Kok-Zuea, 2005), adaptive ellipse 
fitting (AEF) (Hoseinnezhad et al., 2007), advanced adaptive digital (AAD)-PLL (Hoang and 
Jeon, 2011), decoupled double synchronous reference frame (DSRF)-PLL (Bergas-Jan et al., 
2012; Xu et al., 2012), gain-phase-offset-correction (GPOC) (Bunte and Beineke, 2004; 
Faber, 2012), probabilistic learning (Kavanagh, 2001), Fourier analysis (Aksenenko and 
Matveyev, 2005; Ramakrishnan et al., 2013), and some other special methods (Hwang et al., 
2011; Hwang et al., 2010; Mok et al., 2007). In contrast to the online correction algorithms, 
the static calibration methods are less prone to undergo instability conditions that can 
unexpectedly lead to dangerous scenarios in a real EV on the road. A traditional static 
calibration consists in a compensating look-up table (LUT) (Hagiwara et al., 1992; 
Hanselman, 1991; Ju-Chan et al., 2006; Lin et al., 2011; Tan et al., 2002) that generally 
stores either the position error or the direct mapping of the measurement from the position 
sensor under test to the reading of a high accuracy encoder. A better error compensation is 
possible by increasing the LUT resolution. Nevertheless, the larger amount of memory 
required to store the data is a tradeoff in embedded applications running on low-cost digital 
signal processors (DSP), where hardware resources are quite limited. 
 
In this paper, the authors present a novel algorithm for compensating the position error in 
magnetic analog encoders (MAE) used in PMSMs intended for EV propulsion. The proposed 
algorithm based on polynomial approximations (PA) quite reduces the size of the required 
read-only memory (ROM) in comparison with a very high-resolution calibration LUT. The 
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use of polynomials allows compensating every possible input rotor position without carrying 
out an interpolation or a quantization operation. Advantageously, the polynomial coefficients 
are deduced from a calibration procedure that does not require an accurate and high-
resolution position sensor for comparison and error-calculation purposes. 
 
This paper is organized as follows. Section 2.2 presents an extended and generalized 
mathematical model of the position error caused by the main nonidealities found in 
quadrature analog encoders. In section 2.3, the calibration procedure and the proposed PA 
compensation algorithm are explained in detail. The experimental results obtained from the 
calibration procedure and the proposed compensation algorithm assisted with a type-2 PLL 
are shown in section 2.4. The experimental validation with a TM4 EV drive controlling an 80 
kW PMSM is presented in section 2.5. Finally, the conclusion and some important remarks 
are given in section 2.6. 
 
2.2 Modeling of the encoder position error due to different nonidealities 
The rotor position error produced by the main nonidealities contained in the quadrature 
signals from analog encoders and resolvers has been investigated previously in (Hanselman, 
1990; 1991; Hwang et al., 2011; Lara and Chandra, 2014b; Lin et al., 2011; Nasiri-Gheidari 
and Tootoonchian, 2015; Ramakrishnan et al., 2013). The contribution of this study to the 
literature on this subject is an extended and more accurate modeling of the position error. The 
set of equations presented in this paper has been derived considering the general case when 
the nonidealities are contained in both quadrature signals as well as when the amplitude of 
the harmonics in the sine and cosine waveforms is different. 
 
The following theoretical analysis of the encoder position error is based on the type-2 PLL of 
Figure 2.1. Both the linear and nonlinear PLL structures are used for deriving the equations 
that model the position error. For analysis and design purposes, the simplifying locked 
condition of the linearized PLL scheme is considered (Harnefors and Nee, 2000). 
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The loop filter (LF) error 8is composed by the phase detector (PD) error 9and the 
disturbance input    that represents the position error from the encoder (Jung and Nam, 
2011)
 
(2.1) 
 
The error 9 is calculated as the difference between the real input position  and the estimated 
output position  as 
 
(2.2) 
 
The speed compensation term  provides a feedforward path to the estimated rotor speed  for reducing the dc component of  9  that arises during acceleration and deceleration. 
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Figure 2.1   Nonlinear and linearized PLL structures used for deriving the  
position-error expressions that result from the nonidealities of the encoder signals 
 
E = e + 
9  `  
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The deduction of the equations that model the position error due to the different nonidealities 
begins considering the ideal quadrature signals  and  from a perfect encoder as 
 
(2.3) 
 
(2.4) 
 
where the amplitude abexpressed in per unit (PU) is equal to the unity. When the encoder 
signals (2.3) and (2.4) are input to the PLL of Figure 2.1, the resulting error 8 is given by 
(Hanselman, 1990; Harnefors and Nee, 2000) 
 
(2.5) 
 
The action of the PI controller found inside the PLL reduces the error 8 in (5) to a zero value 
in steady state. Hence, the equivalent position error e is also taken to zero. In this ideal case 
and under nonacceleration conditions, the PLL properly tracks the input rotor position. 
Nevertheless, when nonidealities are present in the quadrature encoder signals, e.g., 
amplitude mismatch, nonzero dc offset, nonorthogonality, or harmonic distortion, the error 9 
is no longer reduced to zero even when the loop error 8 is zero. The error expression 9 that 
results from these nonidealities is mathematically deduced below. 
 
2.2.1 Amplitude mismatch 
The different sensitivity of the Hall-effect elements located inside the chip sensor, the 
unequal electronic amplification of the encoder signals due to the tolerance of the 
components used in each circuitry path, and the sensor tilt with respect to the axial plane of 
the magnetic target produce a pair of quadrature signals cd and ce with a different amplitude. 
This nonideality is modeled as 
 
(2.6) 
e  abfgh= > 
d  abhij= > 
8  abkhij=9>l 
cd  ab=m \ /n>hij= > 
27 
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The equivalent Lissajous figure from (2.6) and (2.7) is not the ideal circle but an ellipse (Lara 
and Chandra, 2014b). The resulting error due to this amplitude imbalance is a second 
harmonic of the rotor position 
 
(2.8) 
 
2.2.2 Nonzero dc offset 
The magnetic offset exhibited by the magnet due to tolerance limitations in the magnetization 
process, the dc offset drift dependent on temperature, and the residual dc offset inherent to 
the Hall-effect sensors technology cause the presence of a dc component in the quadrature 
encoder signals mathematically described as 
 
(2.9) 
 
(2.10) 
 
The effect on the Lissajous figure is a displacement of the circle out of the origin (Lara and 
Chandra, 2014b). The resulting error is given by 
 
(2.11) 
 
If the special condition  = = op is fulfilled, then (2.11) is simplified to (Hanselman, 1990; 
Lara and Chandra, 2014b; Lin et al., 2011) 
 
(2.12) 
 
ce  ab=m \ qn>fgh= > 
9  rqn ` /ns t hij=s >
cd  abk \ hij= >l 
ce  abk\ fgh= >l 
9   hij=> `  fgh=> 
9  usopfgh v\ w x 
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2.2.3 Nonorthogonality
The imperfect geometric quadrature placement of the Hall-effect elements in the integrated 
circuit (IC) sensor during the chip-building process, the unequal delay undergone by each 
encoder signal along the entire circuitry paths, and the nonideal magnetization of the 
magnetic target affect the orthogonality between the sine and cosine waveforms now 
modeled as 
(2.13) 
 
(2.14) 
 
The Lissajous figure is accordingly transformed from a circle into a rotated ellipse (Lara and 
Chandra, 2014b). The general equation that describes the position error generated by the 
nonideal orthogonality is 
 
(2.15) 
 
Before evaluating (2.15), the phase-shift of the signal considered as the reference has to be 
set to zero, i.e., yory. 
 
2.2.4 Harmonic distortion 
The saturation of the electronics found inside the chip sensor and the nonhomogeneity of the 
magnetic field lines along the linear range of the magnet cause the analog encoder signals to 
contain harmonic distortion. The z{static and dynamic misalignment between the Hall-
effect elements array center, the magnet midpoint, and the rotational axis of the machine 
shaft can also take the encoder to work in the nonlinear range of the magnet, thus leading to 
distorted output waveforms. The general model presented in this study considers the 
magnitude of the harmonics contained in each signal to be different. Thereby, the distorted 
sine–cosine signals expressed as a Fourier series with |terms are 
cd  abkhij=\  >l 
ce  abkfgh=\  >l 
9 ` r\ s t \ r ` s t fgh=s > 
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(2.16) 
 
 
(2.17) 
 
By using some trigonometric identities and consideringfgh=9> m,hij=9>9, 
andqn/ny, the position error due to the harmonic distortion is accurately modeled by 
 
 
 
(2.18) 
 
 
 
If the harmonics are disregarded and only the first term of the summations in (2.16) and 
(2.17) is taken into account, then the position error due to the amplitude mismatch of the 
quadrature fundamental components is modeled as 
 
(2.19) 
 
This expression is a more accurate approximation than (2.8). 
 
2.3 Calibration procedure in PMSMs and PA compensation algorithm 
This section presents the details of the investigated calibration procedure for MAEs mounted 
on PMSMs and the proposed compensation algorithm based on PA that is capable of fairly 
compensating all the errors described in sections 2.2.1-2.2.4. 
 
ce  ab }~=m \ q%>%n  fgh= > 
cd  ab }~=m \ /%>%n  hij= > 
~k=m \ q%>fgh= >hij= > ` =m \ /%>hij=>fgh=>l%  
m \ ~k=m \ q%>fgh= >fgh= > \ =m \ /%>hij=>hij=>l%  
9 
9 =qn ` /n>hij= >fgh= >qnfgh= > \ /nhij= > \ m
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2.3.1 Calibration procedure in PMSMs 
The voltage–frequency (V/f) control is a type of scalar control characterized by an open-loop 
structure that does not require the rotor position or speed information for operation. This 
sensorless algorithm is implemented in PMSMs when high-performance dynamics is not 
required, e.g., pumps, blowers, fans, compressors (Consoli et al., 2013; Moldovan et al., 
2011; Perera et al., 2003; Sala-Perez et al., 2013), or in very high-speed applications, where 
mechanical sensors are unsuitable (Ancuti et al., 2010; Longya and Changjiang, 1998). An 
optimal V/f control requires a well-designed reference speed curve and the inclusion of 
stabilizing loops for avoiding overcurrent, instability and loss of synchronism triggered by 
heavy load starting torques, load steps changes or high acceleration and speed rates. In 
steady-state conditions, the natural stable operation is reached as the PMSM approaches the 
low rotor-speed region. Under these circumstances, the V/f control is capable of rotating the 
PMSM shaft at a very accurate constant speed without the need of measuring the rotor 
position. This singularity of the V/f scalar control has been exploited in this paper for 
calibration purposes of a quadrature analog magnetic encoder that provides rotor-position 
feedback in a FOC-PMSM drive. 
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Figure 2.2   Schematic diagram sketching the implementation  
of the calibration procedure in PMSMs 
31 
The implementation of the proposed calibration procedure schematically sketched in      
Figure 2.2 is explained below. After mounting the magnetic encoder on the PMSM, the rotor-
position offset dbetween the zero of the encoder measurement and the physical 
orientation of the rotor magnetic flux axis “\” must be corrected. For this aim, the two 
methods proposed in (Rahman and Hiti, 2005) have been implemented. In spite of the 
periodic position error from the encoder, the PMSM drive is started-up using FOC. An 
electrical speed reference of 16 Hz equivalent to  = 240 mechanical r/min has been set in 
the speed closed-loop implementation. Because of the error contained in the rotor position 
and speed measurements fed back to the FOC algorithm, the real speed of the machine shaft 
oscillates around the desired value. However, the reference speed   and the mean of the 
low-pass filtered (LPF) -axis voltage $ provide a very good approximation  of the 
flux required to guarantee stability when switching to the V/f scalar control. This stable state 
is reached given that the most important particular conditions of the system such as starting 
load torque, friction, and inverter nonlinearities have been already considered by the FOC. 
The transition from FOC to V/f control is carried out online by keeping # = #= 0 and 
replacing the voltage reference$ = $ with $= , and the rotor position from the 
uncalibrated encoder  with a synchronized ideal ramp signal . The resulting V/f control 
rotates the PMSM shaft, and therefore, the magnetic target sensed by the encoder at a very 
accurate constant speed, thus making possible a high-quality identification of the error 
signals that contain the nonidealities to compensate. 
 
2.3.2 PA compensation algorithm 
From the calibration procedure explained in section 2.3.1, once the PMSM rotor speed is 
being regulated using the V/f control algorithm, one second of the uncompensated sine–
cosine encoder signals sampled at a rate of 10 kHz is captured by the DSP. The error signals 
that contain the nonlinear distortion (NLD) to compensate are then deduced by subtracting 
the raw signals to a pair of ideal waveforms digitally synthesized. The next step consists in 
cutting these error signals piecewise at each quadrant intersection and then applying a PA 
based on the least mean squares (LMS) method to each of the resulting segments for finding 
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the coefficients of the -order polynomial 	
=	>that best fits each of the input data 
arrays 	
. The subscripts “z” and “{” stand for the quadrant number and either the sine or 
cosine NLD, respectively. In order to improve the numerical properties of both the 
polynomial and the fitting algorithm, the following centering and scaling transformation is 
applied to every input sample  of the uncompensated but normalized rotor position  in 
each quadrant z as follows 
 
(2.20) 
 
where  and  are the mean and standard deviation of a given error signal segment 	
. 
As the number of segments increases, the formed segments along the sine and cosine error 
signals are each time closer to a straight line. This implies that for a higher number of 
segments, a lower order of the polynomials is enough to represent the NLD contained in the 
uncompensated encoder signals. On the other side, if the number of segments decreases, then 
higher order polynomials are required for accurately following all of the variations present in 
the error signals. The selection of the number of segments  and the order  for the PA is 
done bearing in mind the existing tradeoff between the total harmonic distortion (THD) of 
the sine and cosine encoder signals after the PA compensation, the peak value of the 
compensated position error, the number of ROM coefficients stored in the DSP, and the total 
execution time of the PA algorithm.  
 
In Figure 2.3, it can be observed the nonlinear relation among these variables as a function of  and . The operating point selected in this study is pointed out with the dashed circle and 
corresponds to  = 4 and  = 5. Given that the number of segments is four, thus a total of 
eight PAs have been applied to both quadrature error signals. For this, each array 	
 is 
approximated as a function of the centered and scaled rotor position array 	. The 
resulting matrix from the evaluation of these PAs for either the sine or cosine encoder signal 
is expressed as 
 
(2.21) 
	=>  	=> ` k 	
l k 	
l  

  
 
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Figure 2.3   Performance of the PA algorithm as a function of the number of segments  and 
the polynomial order. The dashed circle points out the selected operating point 
 
 
The matrix for every transformed rotor-position sample evaluated at   + 1 different powers 
is 
 
  
(2.22) 
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while the matrix containing the polynomial coefficients for either the sine or cosine signal is 
defined as 
 
 
(2.23) 
 
 
Each of the rows of 
represents a given quadrant. From (2.20) and (2.23), it can be 
deduced that the total number of coefficients stored in the DSP memory is 2(+2). Given 
that only the multiplications between coefficients in the same row of (2.22) and (2.23) are 
valid operations, (2.21) is simplified to a diagonal matrix. By remarking that three of the 
rows in (2.22) are zero during each polynomial evaluation since only one quadrant is active 
at a time, thus the original matrix 
 finally becomes a column vector with just one nonzero 
element that will compensate for the nonideal encoder signal input sample. The 
exemplification of the polynomial evaluation carried out for the first quadrant is as follows 
 
(2.24) 
 
In the DSP implementation, (2.24) is computed in real time by just multiplying a row of 
(2.23) with a column of the transposed of (2.22). Note that the coefficients from on=p> to on=> are deduced considering concurrently all of the nonidealities contained in the encoder 
signals. The above example is only for the first quadrant. However, the same principle 
applies for the rest of the quadrants in either of the two encoder signals as well as for any 
nonideality. 
 
In order to unload the DSP from unnecessary calculations, solely the (4) multiplications and 
the (2 + 4) additions required by the PA algorithm based on (2.20)–(2.26) are computed in 
real time. Considering that the on-chip random access memory (RAM) of the DSP performs 
1 instruction per clock cycle, the time it takes to execute the compensation algorithm is     
(6 + 4) /©, where © is the clock frequency of the processor. 

 
 ¡¡
¡¢
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The compensated signals   and  are obtained by adding the compensating value  
and  that results from the polynomial evaluation in (2.21) to the uncompensated input 
samples of the voltage waveforms c andc, respectively 
 
(2.25) 
 
 (2.26) 
 
The calibration procedure and the proposed PA compensation algorithm are synthesized in 
the flowchart of Figure 2.4, whereas the DSP implementation is schematically sketched in 
Figure 2.5. 
d  ªd \ d 
e  ªe \ e 
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Figure 2.4   Flowchart showing the steps of the calibration procedure in PMSMs  
as well as of the proposed algorithm based on PA for compensating  
the rotor position error in analog magnetic encoders 
 
 
Capture1softherawsinecosinesignalsatFs=10 kHz,
detectthepositivesinezerocrossings,calculatetherotor
frequencyanddeducetheidealsinecosinewaveforms
Calculatetheerrorsignals(NLD):
Sineerror=[Sineideal–Sinemeasured]
Cosineerror=[Cosineideal–Cosinemeasured]
Identifythequadrantsinbotherrorsignals,
normalizetheuncompensatedrotorpositionarrays	
andapplythetransformationfrom(2.20)todetermine	
Performthethorderpolynomialapproximations
totheeightsegments 	
 anddetermine	
=	>
BuiltaROMofsize8(+2)andstore
thepolynomialcoefficients «¬ aswellasthe
centering 	
andscaling k 	
lfactors
Calculatethequadraturecompensatedsignals and  asitis
describedin(2.25)(2.26):
Sinecompensated=[Sineuncompensated+Sinepolynomialevaluation]
Cosinecompensated=[Cosineuncompensated+Cosinepolynomialevaluation]
ComputethecompensatedrotorpositionrequiredbytheFOCalgorithm
forcontrollingthePMSM:
Rotorpositioncompensated=atan[Sinecompensated/Cosinecompensated]
Computeinrealtime(2.20)(2.21)takingintoaccountthe
simplificationstocarryoutonly(4)multiplicationsand(2+4)
additionsforeachpairofuncompensatedsinecosinesamples
MounttheencoderonthePMSMandcorrectthe
rotorpositionoffsetfollowing(RahmanandHiti,2005)
ControlthePMSMrotorspeedat =240rev/musingFOC,calculate
theaxisvoltageandswitchtotheV/fscalarcontrolusing 
Evaluatethecontrolpositionerror fromthespeederroroscillations
aroundandverifythat issmallerthantheaccuracydesired
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Figure 2.5   Schematic diagram sketching the DSP implementation  
of the proposed PA compensation algorithm 
 
2.4 Experimental results 
The rotor-position-sensing prototype used in the experiments is composed of the elements 
shown in Figure 2.6. The application-specific integrated circuit (ASIC) is a contactless 
encoder based on Hall-effect sensors that translate the angular position of a simple two-pole 
magnet into a pair of sine–cosine analog voltage signals. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Magnet holder 
Magnet 
PMSM 
Hall-effect sensor
Rotor shaft
PCB 
Sine-Cosine Analog Signals 
 
Figure 2.6   Rotor-position-sensing prototype mounted on a three-phase PMSM. The magnet, 
its holder, and the PCB hosting the Hall-effect IC sensor are shown in this photograph 
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The magnetic encoder has been mechanically mounted on a three-phase PMSM, while a 
high-resolution incremental optical encoder providing 10 000 counts/turn has been attached 
to the rotor shaft of another three-phase PMSM. Both PM machines were tightly coupled and 
carefully aligned in the same rotational axis, so that the position-error measurement obtained 
by comparing the reading of the two encoders prevails accurate and reliable in the whole 
speed range of the tests. The block diagram of the complete experimental test bench built for 
evaluating the calibration procedure and the proposed PA compensation algorithm is shown 
in Figure 2.7. 
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Figure 2.7   Block diagram of the complete experimental test bench used for evaluating  
the calibration procedure and the proposed PA compensation algorithm 
 
By selecting the position of switch SW3, the rotor position from the optical encoder can be 
compared to the rotor-position angle obtained by means of either the evaluation of the 
arctangent function or using a type-2 PLL with speed feedforward compensation. In turn, the 
SW2 allows applying each of these methods to either the uncompensated raw sine–cosine 
signals or the compensated signals obtained after applying the proposed PA algorithm. The 
speed feedforward compensation term  is obtained by low-pass filtering the derivative of 
the rotor position ¶¶bas it is depicted in the rotor-position calculation section of        
Figure 2.7. In order to provide a high-quality speed feedforward compensation, the speed 
oscillations coming from the rotor position error have been fairly attenuated by using a first-
order LPF with a cut-off frequency fc of 10 Hz. 
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The FOC and the V/f scalar control of the calibration procedure, the PA compensation, the 
rotor-position calculation, and the position-error evaluation have been implemented to work 
in real time at 50 s time step using the DSP TMS320F28335 from Texas Instruments. 
 
2.4.1 Calibration and PA compensation 
The position and speed-control errors obtained during the online transition from FOC to V/f 
control are shown in Figure 2.8. It can be observed how their peak values are notably reduced 
from 7.5 and 9 r/min to less than 1.5 and 1 r/min, respectively. The high rotor-speed 
accuracy achieved through the V/f control allows limiting the frequency variation of the 
sine–cosine encoder signals to a negligible value confined to the range of  0.017 Hz. 
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Figure 2.8   Experimental results obtained during the online transition from FOC to V/f 
control (a) Electrical rotor position-control error (b) Mechanical speed-control error 
 
The quadrature encoder signals before and after the compensation as well as the periodic 
waveforms obtained from the PAs are shown in Figure 2.9. It can also be observed the four 
segmentsn,,¤,¥ identified in the sine error signal and the four 
segmentsn,,¤, ¥ identified in the cosine error signal. Note that the PA signals 
plus the sine and cosine waveforms before the compensation are equal to the sine and cosine 
signals after the compensation. 
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Figure 2.9   Experimental results: sine and cosine encoder signals before and after  
the PA compensation. The identification of the 	
 segments along one  
period of the error signals is also shown 
 
 
The harmonic spectra of the quadrature encoder signals before and after the compensation 
are shown in Figure 2.10. It can be observed that after applying the proposed PA algorithm, 
the DC offsets as well as the harmonics are reduced to less than 2 mPU, the THD is 
decreased below 0.3% and the nonorthogonality is compensated from 0.17 to +0.02. 
Since the magnitude of the fundamental components becomes very close to unity, the 
nonideality of amplitude mismatch is now negligible. 
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Figure 2.10   Experimental results: harmonic spectra and THD of the sine 
 and cosine encoder signals before and after the compensation 
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Given that fifth-order PAs were applied to the four segments of each error signal, thus the 
total number of coefficients stored in the DSP memory is 56. Likewise, the number of fixed-
point operations computed in real time comprises only 20 multiplications and 14 additions. 
Therefore, the F28335 TI processor that operates with © = 150 MHz executes the proposed 
PA compensation algorithm in  0.23 s. 
 
The correction effects of the compensation algorithm are readily observed in Figure 2.11. It 
is noteworthy that by using the investigated calibration procedure and the proposed PA 
algorithm, the position error is reduced from 0.8 to less than 0.2 mechanical degrees. 
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Figure 2.11   Experimental results: rotor position error displayed in a ring shape  
(Left) Before the compensation (Right) After the compensation 
 
2.4.2 Rotor position error as a function of the PMSM speed 
The rotor position error obtained after applying the PA algorithm has been measured in the 
whole operating speed range of the PMSM following the trapezoidal motion profile 
presented in Figure 2.12 c). The maximum speed and constant acceleration rates have been 
set to 5000 r/min and 1000 r/min/s2, respectively. In Figure 2.12 d), it can be observed 
how the PA algorithm reduces the rotor position error from 4.3 to 1.6 electrical degrees 
and how it remains inside this range along the entire speed for both rotation directions, thus 
demonstrating the validity of the proposed static compensation under different dynamic 
conditions. 
42 
 
The use of a PLL processing the sine–cosine encoder signals previously compensated with 
the PA algorithm not only helps to reduce the remaining position error in the high speed 
range of the PMSM but will contribute to reject the high-frequency spikes induced in the 
encoder signals during commutation of the inverter. The high-rate input variations are fairly 
attenuated by the inherent low-pass filter (LPF) response of the PLL structure (Emura and 
Lei, 2000). Figure 2.12 e) shows the performance improvement of the PA algorithm through 
a type-2 PLL with speed feedforward compensation. It can be noted how the high-frequency 
components from the encoder signals are attenuated by the loop filter of the PLL allowing to 
reduce the total position error to less than 1. The analysis and design of the PLL are 
presented in the Appendix I. 
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Figure 2.12   Experimental results: dynamic performance of the PA compensation algorithm 
and improvement through a PLL a) Quadrature signals from the magnetic encoder  
b) Zoom-in 450x of (a) c) Speed profile d) Position error before and after 
 the compensation e) Position error after the compensation and  
using the PLL f) Zoom-in 200x of (e) during acceleration 
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2.5 Validation with 80 kW PMSM  
The investigated calibration procedure and the proposed PA compensation algorithm have 
also been validated with a commercial EV drive controlling an 80 kW PMSM both designed 
and manufactured by TM4 Electrodynamic Systems. Figure 2.13 shows the rotor-position-
sensing prototype mounted on the machine, while Figure 2.14 shows the experimental setup 
built at TM4 facilities. 
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Figure 2.13   Mechanical mounting of the rotor-position-sensing prototype on 
 the 80 kW PMSM. The PCB bracket, the magnet holder, and the PCB  
hosting the Hall-effect IC sensor are shown in this photograph 
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EV gearbox Stator phases 
Driveshaft 
 
Figure 2.14   Experimental setup built at TM4. The rotor position sensor has been  
mounted on the back side of the 80 kW PMSM that in turn is coupled to the  
driveshaft of an induction machine by means of an EV gearbox 
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In order to evaluate the performance of the proposed PA compensation algorithm, two 
different tests were performed. The first test only considers the rotor position error from the 
encoder itself and that is produced by the nonidealities contained in the quadrature analog 
signals, whereas the second test evaluates the total position error including the EMI 
generated during the commutation of the inverter with a dc bus rated at 400 V and the 
flowing of stator currents of up to 300 Apk. 
 
In the tests, the induction machine is controlled in speed mode and the 80 kW PMSM in 
torque mode. The obtained results for both motoring and regenerative braking operation 
modes are shown in Figure 2.15. The normalized ramp rotor position (), the position error 
before (B) and after (A) the PA compensation as well as the position error obtained when 
using the PLL can be observed. At both speeds of 6000 and 9000 r/min and under no 
commutation conditions, the uncompensated position error varies between 0.8 mechanical 
degrees, whereas after applying the proposed PA algorithm, this error is reduced to 0.2. 
When the machine develops the maximum torque of 85 Nm at 6000 r/min and 55 Nm at 
9000 r/min, the effects of the inverter commutation are readily observed. However, given that 
the nonidealities were previously well compensated with the PA algorithm, the high-
frequency spikes are quite reduced by the loop filter of the PLL, thus allowing to achieve a 
total position error confined to a range as small as 0.75 electrical degrees. 
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Figure 2.15   Experimental results: Rotor position error before and after the PA  
compensation as well as when using the PLL a), c) Under no commutation  
b), d), e) At maximum torque conditions 
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2.6 Conclusion
A novel algorithm based on PAs for an efficient error compensation of MAEs in PMSMs 
intended for EV propulsion has been presented in this paper. 
 
The proposed algorithm fairly increases the rotor-position measurement accuracy without 
carrying out an interpolation or a quantization operation, and advantageously, it only requires 
storing 56 coefficients for a fifth-order approximation, thereby reducing in around 90% the 
memory resources required from the DSP compared to a typical high-resolution LUT of 512 
points. The PA algorithm is quite efficient bearing in mind that solely 20 multiplications and 
14 additions have to be executed in real time, thus consuming less than 0.25 s of the DSP 
time step set for executing the FOC algorithm. 
 
The position error of 0.75 electrical degrees obtained with the TM4 EV drive controlling 
the 80 kW PMSM demonstrates that the proposed PA algorithm assisted with the type-2 PLL 
is a promising solution to compensate the position error of MAEs in PMSMs for EV 
applications. 
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Abstract
This paper analyzes the effects of the rotor position error in the performance of field-
oriented-controlled permanent-magnet synchronous machine (PMSM) drives intended for 
electric vehicle (EV) traction applications. A special focus is given to the torque ripple 
generated along the characteristic trajectories in the different operating regions of the PMSM. 
An extended and generalized model of the torque ripple produced by the PMSM as a 
function of the rotor position error is analytically deduced. An infinite-speed interior-
(I)PMSM drive and a finite-speed surface-mounted (SM)-PMSM drive are considered for the 
simulations carried out in MATLAB-SimPowerSystems. The experimental results have been 
validated with a TM4 EV drive controlling an 80-kW SM-PMSM. The torque ripple has been 
evaluated for both motoring and regenerative braking operation modes under maximum 
torque conditions going from 100 N · m at 1000 r/min up to 55 N · m at 9000 r/min. The 
obtained simulation and experimental results demonstrate the good accuracy of the proposed 
model for evaluating the torque ripple produced in PMSMs due to the error from the rotor 
position sensor. 
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Index Terms — Electric vehicle (EV), field-oriented control (FOC), permanent-magnet 
synchronous machine (PMSM), rotor position error, torque ripple. 
 
3.1 Introduction 
Rotor position error plays a very important role in high-performance field-oriented control 
(FOC) of permanent-magnet synchronous machines (PMSMs) intended for EV traction 
applications, where the maximum average torque with a minimum torque ripple is demanded 
over the entire operating speed range of the machine. Because of the inherent position error 
from the encoder or resolver attached to the PMSM shaft, the direct and quadrature stator 
currents deduced from the Park’s transformation provide a mistaken feedback to the FOC 
algorithm; thus, producing real stator current vectors characterized by the unwanted effects 
of torque ripple and air-gap flux variations. Over the past years, different torque ripple 
minimization techniques roughly categorized into machine design and machine control have 
been proposed by academicians and industry professionals (Nakao and Akatsu, 2014). On the 
machine-control side, diverse algorithms based on repetitive control (Mattavelli et al., 2005), 
artificial neural networks (Flieller et al., 2014), resonant controllers (Xia et al., 2015; Yepes 
et al., 2015), fuzzy logic (Uddin, 2011), predictive control (Chai et al., 2013; Cho et al., 
2015; Zhu et al., 2012), adaptive control (Mohamed and El-Saadany, 2008; Petrovic et al., 
2000; Sencer and Shamoto, 2014), and iterative learning control (Weizhe et al., 2004; 
Weizhe et al., 2005) have been proved to be effective in reducing the amplitude of both 
torque and speed error oscillations in various PMSM applications. This kind of algorithms 
counteracts the global effect of numerous sources that contribute concurrently to the torque 
ripple generation, e.g., asymmetric stator phase resistance (Xu et al., 2014), nonsinusoidal 
air-gap flux density, rotor permanent-magnet field and stator slots interaction, imperfect 
current sensing, finite resolution of the pulse width modulation (PWM), among others 
(Gebregergis et al., 2015; Shaotang et al., 2002; Weizhe et al., 2004; Xu et al., 2014). 
However, the experimental results obtained in this study with two different PMSMs show 
that the torque oscillations caused by these sources are negligible compared to the torque 
ripple produced by just a few electrical degrees of error in the rotor position measurement. 
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Hence, authors propose in this paper an extended and generalized model of the torque ripple 
produced by the PMSM as a function of the rotor position error. 
 
In the previous literature, the torque–speed characteristic curves of various IPMSMs have 
been analyzed considering different errors from the rotary position sensor (Chen et al., 2007; 
Hao et al., 2013; Rahman and Hiti, 2005). The obtained curves demonstrate how an 
inaccurate rotor position measurement leads to a severe degradation of the machine-drive 
performance and how in some cases, the resulting torque, power and efficiency reduction 
along the flux weakening (FW) region can reach unacceptable levels. For this reason also, 
this study mainly focuses on the inaccuracy of the position sensor for evaluating the overall 
performance of FOC PMSM-drives intended for EV applications. 
 
Below the base speed, the influence of the rotor position error on the PMSM-drive 
performance is negligible. Nevertheless, it becomes increasingly important with rotor speed 
along the constant power region. Therefore, the performance analysis results are inherently 
correlated with the FW technique used for the simulations and the experimental tests. In the 
past, insightful techniques that increase the voltage utilization of the limited dc bus as well as 
effective and efficient FW algorithms have been devised to extend the PMSM-drives torque–
speed characteristics (Bolognani et al., 2014; Bon-Ho et al., 2003; Gallegos-Lopez et al., 
2005; Jung et al., 2015; Lin and Lai, 2012; Nalepa and Orlowska-Kowalska, 2012; Wai and 
Jahns, 2001). The scheme proposed by Wai and Jahns (Wai and Jahns, 2001) has been 
implemented in this study because of its simplicity and good performance. The original 
scheme that consists of an integrator with antiwindup has been adapted to operate in both 
motoring and generating modes. 
 
This paper is organized as follows. Section 3.2 presents an extended and generalized 
modeling of the torque ripple produced in PMSMs due to the error from the rotor position 
sensor. The characteristic trajectories in the different operating regions of the PMSM are 
derived and described in detail in section 3.3. Section 3.4 shows the simulation results 
obtained from the torque ripple evaluation along the particular trajectories of a finite-speed 
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400-W SMPMSM-drive and an infinite-speed 80-kW IPMSM-drive intended for high-speed 
EV propulsion. The rotor position sensor and the rotor position error compensation algorithm 
used in this study are described in section 3.5. The experimental results obtained with the 
400-W SMPMSM-drive previously simulated are shown in section 3.6. In order to evaluate 
the torque ripple for the general PMSM model, the simulations of section 3.4 were carried 
out with an 80-kW IPM machine. However, the experimental validation presented in section 
3.7 has been performed with an 80-kW SMPM machine. Finally, the conclusion and some 
important remarks are given in section 3.8. 
 
3.2 Modeling of the torque ripple produced in PMSMs due to the error from the 
rotor position sensor
The analysis of the rotor position sensor error effects in the PMSM performance is based on 
the equivalent  circuit model shown in Figure 3.1. 
 

"©#
"%#
!&5#
¸5# %¸¸5$ &5
"©$
"%$
!&5$
¸5$  %¸¸5#
 
Figure 3.1   Electrical circuit model of the PMSM in the rotating frame 
 
The voltage equations in the rotating frame are expressed as follows 
 
 
(3.1) 
 
(3.2) 
 
¸5#  !&5# \  ¸¸¸5# ` %¸¸¸5$ 
¸5$  !&5$ \  ¸¸¸5$ \ %¸¸¸5#
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where !is the stator winding resistance, &5#and &5$ represent the direct and quadrature  
stator currents, ¸¸¸5# and ¸¸¸5$ stand for the  magnetic fluxes, %is the mechanical rotor 
speed, and  is the number of poles pairs of the machine. The magnetic fluxes are in turn a 
function of the total  inductances "#and "$ and the permanent–magnet flux linkage 
¸5as follows 
 
(3.3) 
 
(3.4) 
 
The  leakage inductances "©#and "©$ as well as the  magnetizing inductances "%#and "%$ are part of the total  inductances and the rotor flux as follows 
 
(3.5) 
 
(3.6) 
 
(3.7) 
 
where &5 is a representative constant current source for the rotor magnets. The ideal 
electromagnetic torque 	 developed by the PMSM as a function of electrical variables is 
given by 
 
(3.8) 
 
and as a function of mechanical variables is defined by 
 
(3.9) 
 
¸¸¸5$  "$ &5$
¸¸¸5#  "# &5# \ ¸5
"#  "©# \ "%#
"$  "©$ \ "%$
¸5  "%# &5
  ¸¸¸5# &5$ ` ¸¸¸5$ &5#	
 ¹ % \ º % \ 	# \ 	%	
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where  is equal to 3/2, ¹ represents the combined moment of inertia of the rotor and the 
load, º stands for the viscous friction factor, and % is the real mechanical rotor position 
whereas 	# and 	% are the static friction torque and the shaft mechanical torque, respectively. 
 
Note that in the following analysis, the direct and quadrature stator currents in the real and 
estimated rotor coordinates are denoted with the capital letters (&5#,&5$) and (&5#,&5$) , 
respectively, whereas the direct and quadrature stator current references given to the current 
controllers in the FOC algorithm are denoted with the small letters  (»¼5#, »¼5$) . 
 
The derivation of the equations that model the torque ripple produced in FOC-PMSMs due to 
the error  from the rotor position sensor is presented below in three sequential steps by 
considering 1) the ideal case when  = 0 and &5#= 0 , 2) the real but particular case when       
  0 and &5#= 0, and 3) the proposed analysis for the real and general case when    0  
and &5#  0 . 
 
Assume first the ideal current inverse sequence flowing in a three-phase balanced stator as 
 
(3.10) 
 
(3.11) 
 
(3.12) 
 
where &5 is the amplitude of the stator current vector and  represents the real electrical 
rotor speed. When applying the direct Clarke’s transformation to (3.10)–(3.12), the following 
currents are obtained in the stationary frame  
 
(3.13) 
 
&5  &5 =  > 
&5  &5 =  \ msy > 
&5  &5 =  ` msy > 
½&5&5¾  ½ &5 =  >&5 ¿=  > ¾
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By applying the direct Park’s transformation to (3.13) using the real electrical rotor position 
 and after reducing the resulting expressions considering some trigonometric identities, the 
direct and quadrature  stator currents in the real rotating frame become 
 
(3.14) 
 
Based on these currents, the ideal electromagnetic torque 	 developed by the PMSM is 
described as 
 
(3.15) 
 
Nevertheless, in reality, the rotor position  measured by the encoder or the resolver 
attached to the shaft of the machine deviates from the true position value  due to various 
nonidealities (Hanselman, 1990; Lara and Chandra, 2014b; Lara et al., 2016b; Lin et al., 
2011; Ramakrishnan et al., 2013) such as the misalignment of the sensor components 
mounted on the PMSM. If considering in the Park’s transformation, the position error  
defined as 
 
(3.16) 
 
then the measured stator currents no longer lie on the real rotating frame  but on the 
estimated one  as it is depicted in Figure 3.2. 
 
½ &5#&5$¾  À y&5 Á 
  ¸5 &5 	 
   ` 
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Figure 3.2   Space vector diagram showing the relation between the stationary   
and  coordinates and the real  and estimated rotating frames 
 
 If the estimated dq currents are now vector controlled to follow the same currents as in 
(3.14) 
 
(3.17) 
 
then the currents flowing through the stator windings of the machine are (Hwang et al., 2011) 
 
(3.18) 
 
By substituting these current components in (3.8), the expression for the real torque 	  
developed by the PMSM is written as (Mok et al., 2007)  
 
(3.19) 
 
The second and third terms in (3.19) model the undesired torque ripple generated by the 
PMSM due to the measurement error from the rotary position sensor. It can be noted that for 
the ideal case when  = 0, (3.19) becomes (3.15). 
}&5#&5$   Ày&5 Á
½&5#&5$¾  ½ &
5  =>&5  ¿=> ¾ 
	  ¸5 &5 \ ¸5 &5k¿= > ` ml \ ="# ` "$> &¸5 = > ¿=>
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In the constant torque region of an interior PMSM, the maximum torque per ampere (MTPA) 
technique sets a negative -axis current reference »¼5# in the current controller of the FOC 
algorithm for maximizing the total torque production taking advantage of the reluctance 
torque exhibited by this type of machine due to its saliency properties. In PMSM-drives for 
EV applications, the implementation of the flux weakening technique (FWT) in the first FW 
region (FW1) is essential for extending the base rotor speed as well as for increasing the 
torque production in the also called constant power region without violating the dc bus 
voltage constraint. In order to achieve this using FOC, the current reference »¼5#is also set to a 
negative value that varies nonlinearly with rotor speed. In an infinite-speed PMSM-drive, the 
maximum torque per volt (MTPV) technique is implemented for operating from the critical 
speed 2 up to the theoretical infinite speed with the minimum flux requirement. In this 
second FW region (FW2), the»¼5# reference always remains negative. The critical speed 2  
(Sul, 2011)  theoretically represents the point at which the constant power region ends and 
the torque starts decreasing in inverse proportion to the square of the rotor speed. As  
from2  , the operating speed is restricted by only voltage constraints (Gallegos-Lopez et al., 
2005; Morimoto et al., 1990; Preindl and Bolognani, 2015; Soong and Miller, 1994; Sul, 
2011). The equation to calculate 2 in infinite-speed PMSM-drives is derived in the 
Appendix II. In the implementation of the techniques of MTPA, FW1, and MTPV/FW2, the 
vector control condition &5#= 0 assumed in the previous literature for finding (3.19) is no 
longer satisfied. Therefore, in this paper, authors propose an extended and generalized 
modeling of the torque ripple produced in PMSMs due to the error from the rotor position 
sensor. The proposed model is valid for both SMPM and IPM machines working in any of 
the aforementioned scenarios. 
 
By considering the vector control general condition &5# 0  in (3.17), the vector of the real  currents is expressed as 
 
(3.20) 
 
½&5#&5$¾  Æ fgh= > hij= >hij= > fgh= > Ç } &
5#&5$ 
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By substituting (3.20) into (3.8) and after applying some trigonometric identities, the 
extended and generalized torque modeling equation is written as follows 
 
(3.21) 
 
(3.22) 
 
(3.23) 
 
(3.24) 
 
where 	, is the ideal torque (3.8) deduced under the assumption that  = 0; thus, &5$= &5$ and 
&5#=&5#are valid only in (3.22), 	
È stands for the fundamental torque ripple that is a function 
of the first-harmonic component of the rotor position error, while 	
É represents the 
reluctance torque ripple that is a function of the second-harmonic component of the rotor 
position error. The structural anisotropy found in IPMSMs gives rise to the torque ripple 
component 	
É satisfying the condition "  ="# ` "$> 0. 
 
3.3 Characteristic trajectories in the different operating regions of the PMSM 
In the constant torque region, the maximum torque is limited by the phase current constraint 
defined as 
 
(3.25) 
 
where&5%	is the maximum current of the PMSM-drive. In this region, the MTPA 
technique aims to generate a given torque using the minimum magnitude of the stator current 
vector. The -axis current that satisfies this condition is found by substituting &5$from (3.25) 
into (3.22), then differentiating 	, with respect to &5#and finally equating to zero. The 
	, \ 	
È \ 	
É	Ê 
	,  ¸5 &5$ \  ="> &5# &5$
  À¸5&5$Á k¿= > `ml   À ¸5 &5# Á = >	
È
	
É  =">&5#&5$k¿=s> ` ml \ s ="> Æv&5$x ` v&5#xÇ =s>
&5# \ &5$ Ë &5%	
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resulting second-order equation expressed as a function of the dq currents defines the MTPA 
trajectory as follows 
 
(3.26) 
 
given that "#<"$ , the useful solution from this hyperbola equation is the negative 
&5#current so that the reluctance torque contributes to increase the total torque developed by 
the IPMSM (Morimoto et al., 1994; Sue and Pan, 2008). The intersection of the MTPA 
trajectory and the current limit circle is deduced by solving (3.26) with the condition (3.25) 
(Preindl and Bolognani, 2015). The -axis current for a desired torque 	, along the MTPA 
trajectory is obtained by solving the following fourth-order equation that results when 
substituting &5$from (3.26) into (3.22) (Jung et al., 2013) 
 
(3.27) 
 
with’ = m. In the first FW region, the maximum torque is obtained when operating 
along the current limit circle satisfying simultaneously the current condition (3.25) and the 
following phase voltage constraint (Morimoto et al., 1990) 
 
(3.28) 
 
where in case of using space vector modulation (SVM), the linear range for a given dc bus 
voltage # limits the maximum voltage ¸5%	to #uÌ. Assuming a negligible voltage 
drop due to the stator resistance terms in (3.1) and (3.2) and considering steady-state 
conditions, (3.28) is rewritten as follows 
 
(3.29) 
 
Note that the diameter of this voltage limit ellipse decreases with the increasing of the rotor 
speed. The -axis current for a desired torque 	, at a given speed in the first FW region 
" &5# \ ¸5 &5# ` " &5$  y
"¤&5#¥ \ ZÌ¸5"[ &5#¤ \ vÌ ¸5"x  &5# \ ¸5¤ &5# ` "Z	,[  y 
¸5# \ $ Ë ¸5%	
Z"#&5# \ ¸5[ \ "$ &5$ Ë Í ¸5%	 Î
  Z ¸5[
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is found by solving the following fourth-order equation that results when substituting 
&5$from (3.22) into (3.29) (Hoang et al., 2013) 
 
 
(3.30) 
 
 
where c¸5  ¸5 ` ¸5. In the first FW region, the -axis current for a given rotor speed 
at the maximum torque is obtained by solving (3.29) with the condition (3.25). In 
infinite-speed PMSM-drives (Soong and Miller, 1994), the second FW region is limited only 
by the voltage constraint (3.28). Hence, the MTPV technique aims to generate a given torque 
using the minimum magnitude of the stator voltage vector. The MTPV trajectory is derived 
by substituting &5$from (3.22) into (3.29), then differentiating the flux ¸52  with respect to &5#and equating to zero (Bon-Ho et al., 2003). The resulting second-order equation expressed 
as a function of the dq currents is given by 
 
(3.31) 
 
One of the zero crossings of this hyperbola occurs at the point of infinite speed&5# `=¸5"#>. The intersection of the MTPV trajectory and the current limit circle is deduced 
by solving (3.31) with the condition (3.25) whereas the -axis current for a desired torque 	, 
along the MTPV trajectory is obtained by solving the following fourth-order equation that 
results when substituting &5$from (3.22) into (3.31) 
 
 
(3.32) 
 
="#">&5#¥ \ Zs¸5"#"[="# \ "> &5#¤ \ Àv"#¸5x ="# \ w"> ` c¸5"Á &5#
\Zs¸5[ v"#¸5 ` c¸5"x &5# \ "$Z	,[ ` c¸5¸5  y
Z"#"[&5# \ Z¸5"#[="# \ "> &5# \ "#¸5 ` Z"$ "[ &5$  y 
Z"#"¤[&5#¥ \Z¸5"#"[Zw"# ` "$[ &5#¤ \ Ì¸5"#"="# \ "> &5# \ v¸5¤"#x ="# \ Ì">&5# \ "# ¸5¥ ` Z"$"[Z	,[  y 
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The -axis current along the MTPV trajectory for a given rotor speed  is found by 
solving the following second-order equation that results when substituting &5$from (3.31) 
into (3.29) 
 
(3.33) 
 
The equations for the SMPMSM are derived by substituting "#  "$  " and " = 0 into 
(3.26), (3.27) and (3.29)–(3.33). 
 
3.4 Torque ripple evaluation along the characteristic trajectories of the PMSM 
A simulated 80-kW IPMSM intended for EV propulsion and the 400-W SMPMSM used in 
experiments have been considered to carry out the torque ripple evaluation. The parameters 
of these machines are given in Table I of the Appendix II. The characteristic trajectories 
along the different operating regions for both PMSMs are shown in Figure 3.3. In order to 
simplify the visualization of all the trajectories, the number of displayed curves has been 
limited by considering a static operating point of the motor parameters. 
 
sZ"#"[&5# \ 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Figure 3.3   Characteristic trajectories and operating regions of: a) 80-kW IPMSM intended 
for EV applications b) 400-W SMPMSM used in the experimental tests 
 
For the 80-kW IPMSM, the constant torque hyperbolas, the voltage limit ellipses, and the 
current limit circle are denoted in Figure 3.3 a) with the letters A, B, and C. Note that the 
point of infinite speed &5#  `=¸5"#> , the maximum demagnetizing current and the torque 
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hyperbola asymptote are also marked with the letters G, J, and K. The maximum torque of 
225 N·m is pointed out with the letter D. Likewise, the letters I and E indicate the base speed 
1 and the critical speed 2 of about 3000 and 4500 r/min, respectively. In this EV 
IPMSM-drive, the dc bus voltage is limited to 350 V. If considering the {-axis units in [A], 
then the MTPA, the FW1, and the MTPV/FW2 trajectories are defined by the segments ÏÐ, ÐÑ, and ÑÒ. If considering the {-axis units in [N·m], then these trajectories are equivalent to 
the segmentsÏÓ, ÓÔandÔÒ. The area enclosed by these segments corresponds to the 
optimal operating region of the IPM machine. 
 
For the 400-W SMPMSM used in experiments, the saliency ratio   "$"#is equal to 
unity. Accordingly, the characteristic voltage limit ellipses turn out into circles whereas the 
constant torque hyperbolas become straight lines as it is observed in Figure 3.3 b). The dc 
bus voltage and the maximum stator current magnitude have been limited to 72 V and 1.8 
times the rated current, respectively. Considering these constraints as well as the torque 
requirement in the constant power region of 1.2 N·m, the maximum speed for the SMPMSM-
drive used in the experimental tests is restricted to 4000 r/min. The maximum demagnetizing 
current applied to the machine is about 8 A. The operating point at these maximum 
conditions of current, torque, and speed is pointed out in Figure 3.3 b) with the letters H [A] 
and N [N·m]. Note that unlike the 80-kW IPMSM-drive, in the 400-W SMPMSM drive the 
point of infinite speed G located at &5#= 11.5 A lies out of the current limit circle radius of 
9 A. 
 
Bearing in mind the machine-drive characteristics of the 80-kW IPMSM and the 400-W 
SMPMSM, the torque ripple components generated along their particular trajectories have 
been evaluated as a function of the rotor position error  by solving simultaneously the 
equations deduced in section 3.2 and section 3.3. Figure 3.4 shows the torque ripple obtained 
when substituting the stator currents from (3.25), (3.26) and (3.31) into (3.23) and (3.24), 
while considering a sinusoidal position error  with a peak value  equal to 1 electrical 
degree. It can be observed that the torque ripple produced by the 80-kW IPMSM is 
insignificant below the base speed 1 3000 r/min [ÏÓ]. From thereon, the torque 
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oscillations gradually increase along the first FW trajectory [ÓÔ] reaching 4N·m at the 
critical speed 2 4500 r/min and finally they progressively decrease throughout the second 
FW trajectory [ÔÒ] until dropping near 50% at the point of infinite speed. For the 400-W 
SMPMSM, the torque ripple is also negligible in the constant torque region [ÏÓ] even under 
the maximum motoring torque of 2.5 N·m. Then, the torque oscillations gradually increase 
with rotor speed in the constant power region along the first FW trajectory [ÓÄ] reaching an 
amplitude of around 0.037 N·m at 4000 r/min. 
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Figure 3.4   Torque ripple generated along the characteristic trajectories  
of the 80-kW IPMSM (top) and the 400-W SMPMSM (bottom)  
for a sinusoidal position error that varies between ±1° 
 
If the torque ripple 	© is expressed in percentage as the ratio of the torque oscillations 
magnitude to the mean value   of the maximum torque 	%	 as follows 
 
(3.34) 
 
 Õz=	©> ` =	©>
 k	%	l Õ Ömyy×	Ø
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then the pair of PM machines afore analyzed considering  = 1 produce a torque ripple of 
around 3.6% and 3%, respectively. Figure 3.5 shows the torque ripple 	Ø obtained when 
varying the rotor position error peak value  from zero up to 5 in steps of half a degree. It 
can be deduced that in order to achieve a high-performance PMSM-drive with a torque ripple 
smaller than 5%, the allowable error range for the position sensor attached to the shaft of the 
80-kW IPMSM and the 400-W SMPMSM are ±1.4 and ±1.7, respectively. 
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Figure 3.5   Torque ripple produced by the analyzed PMSMs as a function  
of the peak value of the periodical error from the rotor position sensor 
 
By following the experimental scheme depicted in Figure 3.11, the FOC of both PM 
machines has been simulated in MATLAB-SimPowerSystems for the ideal case when  = 0° 
as well as for the two real cases when  = 2° and  = 4°. The oscillations contained in the 
corresponding periodical position error  have been modeled using the Fourier series (3.35) 
of the rotor position errors obtained experimentally. In the simulation, the PMSMs under test 
are controlled in torque mode, while setting the torque reference 	to the maximum values 
of 225 and 2.5 N·m, respectively. The coupled machine running in speed mode generates a 
ramp speed change at a rate of 1000 r/min/s2 going from standstill up to the maximum speed 
of each machine. Bearing in mind the practical conditions in a real EV, the theoretical 
infinite speed of the 80-kW IPMSM-drive has been restricted to 12 000 r/min. In case of the 
finite-speed 400-W SMPMSM-drive, the design characteristics have limited its maximum 
operating speed to 4000 r/min. Figure 3.6 and Figure 3.7 show the resulting  current 
components and the motoring torque produced in the whole operating speed range of the 
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machines. It can be observed how the torque ripple increases with rotor speed along the 
constant power region and how the torque oscillations produced by the IPMSM start 
decreasing beyond the critical speed agreeing with the results previously presented in    
Figure 3.4. The maximum torque ripple 	Ø produced by the two PMSMs simulated for the 
three different position errors has a quite good matching with the percentages of Figure 3.5 
formerly calculated with (3.21)–(3.24). 
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Figure 3.6   Simulation results obtained with the 400-W SMPMSM. Torque  
and  currents for three different rotor position error peak values 
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Figure 3.7   Simulation results obtained with the 80-kW IPMSM. Torque  
and  currents for three different rotor position error peak values  
 
3.5 Rotor position sensor and rotor position error compensation algorithm 
3.5.1 Rotor position sensor 
The rotor position sensor mounted on the 400-W SMPMSM and the 80-kW SMPMSM used 
in experiments is a magnetic quadrature encoder based on an application-specific-integrated 
circuit (ASIC). The Hall-effect elements contained inside the ASIC translate the angular 
position of a two-pole magnet into a pair of sine–cosine analog voltage signals. The magnet 
rotates radially over the IC surface as it is shown in Figure 3.8. 
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Figure 3.8   Sketch of the on-axis rotor position measurement. The ASIC, the  
magnet, and the machine shaft are all aligned with the rotational axis 
 
The imperfect mechanical mounting of the encoder parts on the machine, the 
nonhomogeneity of the magnetic field lines from the magnet and the unequal electronic 
amplification of the encoder voltage outputs due to the tolerance of the components used in 
each circuitry path are only some of the causes that bias the encoder signals from the ideal 
sine-cosine waveforms. These unwanted phenomena give rise to the encoder nonidealities of 
amplitude mismatch, nonzero dc offset, nonorthogonality, and harmonic distortion (Lara et 
al., 2016b). The effect from these nonidealities is a periodical rotor position error  that 
repeats every mechanical revolution (Hanselman, 1990; Lara and Chandra, 2014b; Lara et 
al., 2016b; Lin et al., 2011; Ramakrishnan et al., 2013). This position error is modeled by a 
Fourier series as follows 
 
(3.35) 
 
The dc component qp originated by the misalignment between the rotor magnetic flux axis 
“+” and the position sensor 0° measurement can be accurately corrected using the two 
methods proposed in (Rahman and Hiti, 2005). Nevertheless, the remaining periodical error 
must be properly reduced with some kind of compensation algorithm in order to achieve a 
  qp \ ~ qk= \ >l3n  
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high-performance FOC-PMSM drive given that the oscillations contained in the rotor 
position error  give rise to the unwanted torque ripple produced by the machine. 
 
3.5.2 Rotor position error compensation algorithm 
The algorithm implemented in this study for compensating the periodical rotor position error 
from the magnetic analog encoder is a technique based on polynomial approximations (PA). 
The details of the PA compensation algorithm are presented in (Lara et al., 2016b). 
 
The experimental results obtained from the encoder mounted on the 400-W and 80-kW 
SMPMSMs working at different conditions of torque and speed are shown in Figure 3.9. 
Note that the encoder signals before (B) the compensation plus the PA are equal to the 
encoder signals after (A) the compensation. 
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Figure 3.9   Experimental results: Sine–cosine encoder signals before and after  
the PA compensation for the analog magnetic encoder mounted on 
 (top) 400-W SMPMSM (bottom) 80-kW SMPMSM 
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The equivalent Lissajous figures are shown in Figure 3.10. It is noteworthy that thanks to the 
PA algorithm, the nonidealities contained in the encoder signals have been fairly 
compensated. 
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Figure 3.10   Experimental results: Lissajous figure before and after  
the PA compensation for the analog magnetic encoder mounted on  
(left) 400-W SMPMSM (right) 80-kW SMPMSM 
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3.6 Experimental results 
The overview of the scheme followed to evaluate the torque ripple produced by the PMSMs 
due to the error from the rotor position sensor is depicted in Figure 3.11, while a photograph 
of the test bench built is shown in Figure 3.12. The machine under test, a three-phase wye-
connected 400-W SMPMSM has been tightly coupled to another SMPMSM controlled by a 
high-performance industrial drive. Two reconfigurable banks of rechargeable lead-acid 
batteries Enerwatt WP12-12 are used to feed the dc bus of the two-level inverter based 
drives. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.11   General overview of the scheme followed to carry out the evaluation 
 of the torque ripple produced by the 400-W SMPMSM and the 80-kW  
IPMSM due to the error from the rotor position sensor 
 
 
 
70 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
b a
d
c
f
h
g
e
RLZ-GCT 
 
Figure 3.12   Experimental setup used for the tests: a) 400-W SMPMSM under study 
 b) Industrial SMPMSM c) Rechargeable battery banks d) DC voltage sources  
e) Scope f) Control panel developed in code composer studio (CCS) 
g) Two-level inverters h) TI DSP-based control board 
 
In order to control the stator currents at each 12° when the machine is operating at the 
maximum speed of 4000 r/min, the inverter switching frequency . has been set to 8 kHz. 
The time step to execute the FOC algorithm fully implemented in the TI DSP 
TMS320F28335 is 125 s. 
 
In the experiments, the industrial SMPMSM-drive is programmed to follow the trapezoidal 
speed profile shown in Figure 3.13 a), while the 400-W SMPMSM under study is controlled 
in torque mode to develop the maximum motoring and regenerative braking symmetrical 
torque of 0.9N·m at the maximum speed of ±4000 r/min. The effects of the rotor position 
sensor error have been evaluated for the four-quadrant operation of the machine according to 
the compensation status waveform shown in Figure 3.13 f). The on and off states correspond 
to the compensated and uncompensated rotor position cases with  = 2 and  = 4, 
respectively. The resulting torque as well as the direct and quadrature stator currents obtained 
from the FOC of the 400-W SMPMSM are shown in graphics b, c and d, e of Figure 3.13. It 
is noteworthy the fairly good matching between the simulation and the experimental results. 
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Figure 3.13   Simulation and experimental results obtained with the 400-W 
 SMPMSM. Effects of the rotor position sensor error in the torque and  
the currents for the four-quadrant operation of the machine 
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In the following test, the rotor speed is kept constant at 3000 r/min and the torque reference 
	is step-changed from ±1.2 to 41.2 N·m while alternating from the uncompensated to the 
compensated rotor position. The stator voltage and current waveforms of phase  as well as 
the ripple of voltage, current, and torque produced under these conditions are shown in 
Figure 3.14. It can be noted that the torque ripple is smaller in the generating mode than in 
the motoring mode given that less defluxing current on the -axis is required for satisfying 
the dc bus voltage constraint. Regarding the torque ripple magnitude when the transition of 
the rotor position occurs at   = 5 s, it decreases from ±0.1 to ±0.05 N·m. These experimental 
results agree well with the curves of Figure 3.6 previously obtained through simulations. 
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Figure 3.14   Experimental results obtained with the 400-W SMPMSM. Torque,  
current, and voltage ripples produced during the motoring and generating  
torque step-changes at 3000 r/min, while changing from the  
uncompensated to the compensated rotor position 
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3.6.1 Frequency-domain analysis of the torque ripple and the rotor position error 
The time- and frequency-domain analysis of the rotor position error before and after the PA 
compensation as well as of the torque ripple produced by the 400-W SMPMSM due to these 
position errors is described below. 
 
The frequency analysis has been performed at 3000 r/min (50Hz) under maximum 
symmetrical torque conditions for both motoring and generating operation modes. The 
obtained simulation and experimental results are shown in Figure 3.15. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.15   Experimental and simulation results: Time- and frequency-domain analysis of 
the rotor position error  and the torque ripple 	
 produced by the 400-W SMPMSM 
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In Y-connected three-phase PMSMs, the imperfect sinusoidal air-gap flux density produces 
multiples of sixth-order harmonics in the torque equation expressed in the rotating frame 
(Gebregergis et al., 2015; Rojas et al., 2010; Shin et al., 2012; Weizhe et al., 2004). Likewise, 
given that there are six zero crossings per electrical cycle in a three-phase machine, the dead-
time effect also produces a sixth-order torque ripple harmonic component (Shaotang et al., 
2002). Considering the four poles pairs of the 400-W SMPMSM, the multiples of sixth-order 
electrical harmonics would appear as multiples of twenty-fourth-order harmonics in the 
frequency analysis of Figure 3.15 since the fundamental component is evaluated over a 
mechanical revolution. However, the harmonics beyond the ninth-order are not shown in the 
figure because their magnitude was not significant for the analysis. The negligible magnitude 
of the twenty-fourth harmonic component and its multiples means: 1) the assumption of a 
sinusoidal flux distribution producing a sinusoidal back-electromotive force (BEMF) is a 
valid approximation in the proposed model, and 2) the dead-time effect has an insignificant 
contribution to the torque ripple generation.  
 
The torque ripple harmonics produced due to the cogging effect appear at frequencies that are 
multiple of | (Rojas et al., 2010; Shin et al., 2012; Sun et al., 2011; Weizhe et al., 
2004), where  is the mechanical rotor frequency and | is the least common multiple 
(LCM) between the number of poles and slots. Considering the 8 poles and 12 slots of the 
400-W SMPMSM, the cogging torque harmonics are thus multiple of 24. These high-order 
harmonics are fairly reduced by the inertia of the shaft with the increasing of the machine 
speed. Hence, the interaction between the rotor permanent–magnet field and the stator slots is 
also negligible in this study. 
 
It is noteworthy the quite good matching between the simulation and the experimental results 
and how the first harmonics of the torque ripple are significantly reduced when the position 
error is compensated. This fairly high correlation demonstrates that the effect of the rotor 
position error in the torque ripple is much more significant than other uncertainties such as 
the current sensor inaccuracy, the finite word-length (FWL) effect, the finite PWM 
resolution, the PWM switching, the inverter dead-time, the asymmetric stator phase 
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resistance, the cogging effect, and the nonsinusoidal air-gap flux density (Gebregergis et al., 
2015; Shaotang et al., 2002; Weizhe et al., 2004; Xu et al., 2014). 
 
3.7 Experimental validation with an 80-kW SMPMSM 
The torque ripple modeling has been also validated with an EV-drive controlling an 80-kW 
SMPMSM designed and manufactured by the company TM4. Figure 3.16 shows the 
complete experimental setup built at TM4 facilities. 
 
Induction Machine 
SMPMSM 
Encoder cable 
EV gearbox 
Stator phases 
a bEV SMPMSM-drive 
Driveshaft 
Induction Machine 
 
Figure 3.16   Experimental setup built at TM4. The rotor position sensor is mounted on the 
back-side of the 80-kW SMPMSM that in turn is coupled to the driveshaft of an induction 
machine by means of an EV gearbox with a ratio of 10:1 a) Front view b) Lateral view 
 
The mechanical torque ripple obtained for both motoring and regenerative braking operation 
modes under the maximum torque conditions going from 100 N·m at 1000 r/min up to         
55 N·m at 9000 r/min is shown in Figure 3.17. It is noteworthy that thanks to the 
compensation of the error from the magnetic analog encoder mounted on the 80-kW 
SMPMSM, the torque ripple magnitude has been reduced in all the cases to the range of      
±1 N·m. 
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Figure 3.17   Experimental results: Mechanical torque ripple produced by the 80-kW 
SMPMSM at different speeds for both motoring and generating operation modes 
 
 
Figure 3.18 shows the time- and frequency-domain analysis of the rotor position error and 
the torque ripple generated by the 80-kW SMPMSM during the online transition from the 
uncompensated to the compensated rotor position. This analysis has been performed at 9000 
r/min under 55 N·m of motoring torque. It can be observed how the compensation of the 
rotor position error allows decreasing instantaneously the torque oscillations from 5 N·m to 
less than 2 N·m. It is noteworthy also how the first-order harmonic of the torque ripple 
decreases when the first-order harmonic of the rotor position error is reduced through the 
activation of the PA compensation algorithm. As in the case of the frequency analysis results 
obtained with the 400-W SMPMSM, this fairly high correlation also demonstrates that the 
rotor position error has a quite bigger influence on the torque ripple generation than other 
type of uncertainties [14]–[17]. 
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Figure 3.18   Experimental results: Time- and frequency-domain analysis of the rotor 
position error  and the torque ripple 	
 produced by the 80-kW SMPMSM  
before and after the activation of the PA compensation algorithm 
 
The maximum dynamic rotor eccentricity and the maximum radial misalignment undergone 
by the rotor position sensor parts are given by the maximum radial clearance of the rotor 
bearings. In order to evaluate the impact of this clearance on the encoder misalignment and 
its accuracy, the rotor position error has been measured at different speeds going from 300 up 
to 9000 r/min. 
79 
In Figure 3.19, it can be observed that the waveform of the compensated rotor position error 
is fairly uniform and how it remains below 1 electrical degree for the whole speed range of 
the tests in spite of the different dynamic conditions undergone by all of the involved 
mechanical elements. Hence, the encoder misalignment and the equivalent rotor position 
error are marginally influenced by the rotor eccentricity and the inherent mechanical 
vibrations. 
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Figure 3.19   Experimental results: Compensated rotor position error at different speeds 
 under no commutation of the inverter for evaluating the influence of the rotor 
eccentricity and the mechanical vibrations on the encoder accuracy 
 
3.8 Conclusion
The effects of the rotor position error in the performance of FOC PMSM-drives intended for 
EV traction applications have been analyzed in this paper. 
 
The extended and generalized model developed for evaluating the torque ripple produced in 
PMSMs due to the error from the rotor position sensor has been verified in simulation for a 
finite-speed SMPMSM-drive and an infinite-speed IPMSM-drive. The experimental results 
obtained with the 400-W SMPMSM and the 80-kW demonstrate the accuracy of the 
proposed model. 
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The compensation of the error from the rotary position sensor mounted on the 80-kW 
SMPMSM from TM4 allowed reducing the equivalent torque ripple percentage to an interval 
between 1% and 3% for the entire operating speed range of the machine working under the 
maximum symmetrical motoring and generating torque. 
 
Thanks to the torque ripple modeling and the rotor position error compensation algorithm 
based on PA, the maximum limit condition of 5% demanded in high-performance EV 
PMSM-drives has been successfully evaluated and fulfilled. 
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Abstract
This paper investigates the performance of two novel Half Switching Frequency Voltage 
Injection (HSFVI) demodulation algorithms for encoderless Field Oriented Control (FOC) of 
Permanent Magnet Synchronous Machines (PMSM) intended for Electric Vehicle (EV) 
propulsion. The proposed rotating and pulsating HSFVI demodulation algorithms do not 
require voltage measurements or approximations for estimating the rotor position angle. The 
proposed HSFVI algorithms based on Pulse Width Modulation (PWM) have been 
quantitatively and qualitatively compared by MATLAB–SimPowerSystems simulations as 
well as experimentally against the two equivalent classical High Frequency Signal Injection 
(HFSI) approaches based on Space Vector Modulation (SVM). A 2.5kW PMSM with radially 
inset rotor magnets has been used for experimentally evaluating and validating the performance 
analysis and the comparison of the four algorithms fully implemented to work in real-time on a 
TI C2000 Digital Signal Processor (DSP). The results obtained with an 80kW Interior (I)-
PMSM intended for EV propulsion also show that the proposed algorithms allow a better 
machine control performance in terms of a smaller torque ripple generation and a faster current 
control loop. 
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Index Terms — Electric vehicle (EV), encoderless control, high frequency signal injection 
(HFSI), permanent magnet synchronous machine (PMSM). 
 
4.1 Introduction 
The performance of FOC-PMSMs heavily depends on the accuracy and resolution of the 
rotor position sensor (Lara et al., 2016a). High quality encoders and resolvers can fulfill this 
requirement in demanding applications (Lara and Chandra, 2014b) such as PMSM-drives for 
light and heavy-duty electric vehicle (LHDEV) traction applications (Lara et al., 2016b). 
Nevertheless, the sensor components are prone to mechanical and electrical failures that can 
put the vehicle out of service or even lead to severe dangerous scenarios. In this regard, the 
use of rotor position sensorless algorithms working as a backup of the position sensor can 
positively contribute to the fault-tolerant and reliability enhancement in LHDEV PMSM-
traction drives (Kano et al., 2013). 
 
The High Frequency Signal Injection (HFSI) methods rely on the geometrical and saturation 
saliency properties of the machine (Ha, 2008). The variation of the high frequency 
inductances (HFI) as a function of the rotor position makes possible the estimation at 
standstill as well as in the low-speed range where the Back-Electromotive Force (BEMF)-
based algorithms are inherently unsuitable. The HFSI methods are also feasible for the high 
speed range provided that the HFI are relatively small so that the voltage required from the 
DC bus for injection purposes is not a concern (Gao et al., 2009; Masaki et al., 2002). 
 
Over the last years, researchers have done a significant step-forward regarding the HFSI 
algorithms for encoderless FOC of PMSMs. The exhaustive classification presented in (Briz 
and Degner, 2011) considers important aspects such as the continuity of the excitation, the 
machine winding connection, the number of sensors required for either voltage or current 
injection, the frame of coordinates as well as the type of modulation. In Voltage Source 
Converter (VSC)-based algorithms working with SVM, the injection frequency range 
commonly varies around 400Hz-1kHz (Ji-Hoon et al., 2004; Ji-Hoon et al., 2003; Lara et al., 
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2012; Liu and Zhu, 2014; Luo et al., 2016; Wang et al., 2013; Xu and Zhu, 2016a; 2016b; Yu-
seok et al., 2005) whereas in the algorithms working with PWM, the injection frequency is near 
the switching frequency (Gabriel et al., 2013; Kano et al., 2012; Kim et al., 2016; Kim et al., 
2011b; Kim and Sul, 2011; Yoon et al., 2011) or even they become equal (Kim et al., 2011a; 
2012; Lara and Chandra, 2014a; Masaki et al., 2002). The frequency range of the injected 
signal in the methods using PWM is much higher than in those using SVM. This difference is 
mainly because the HF demodulation algorithms in the PWM-based methods do not involve 
digital filters. By doing so, the top injection frequency is inherently limited given that for a 
constant sampling rate, the number of samples decreases as the frequency of the injected signal 
increases, thus deteriorating the performance of the filters. In order to overcome this issue, the 
use of analog filters for HF demodulation purposes has been recently proposed in (Jung and 
Ha, 2015). The PWM modulation is also preferred over SVM when the HF demodulation 
algorithm is sensitive to the inverter nonlinearities, e.g. the dead-time effect can give rise to a 
severe deterioration of the rotor position estimation (Briz and Degner, 2011; Gabriel et al., 
2013). The use of higher frequencies using PWM-based algorithms is likewise motivated due 
to the audible nuisance caused by the sound that arises from the vibration of the stator windings 
of the machine. If the frequency of the injected signal reaches the upper pitch audibility limit of 
human ear of around 20 kHz, the hassle acoustic frequency can be virtually unnoticeable 
(Gabriel et al., 2013; Jung and Ha, 2015; Kim et al., 2012). 
 
In previous literature on the subject (Kim et al., 2011a; 2012; Kim et al., 2016; Kim et al., 
2011b; Ogasawara and Akagi, 1998; Petrovic et al., 2003), the HF demodulation algorithms 
working in the stationary reference frame require both voltage and current measurements given 
that they are based on the inductance matrix of the PMSM model that contains the valuable 
rotor position information. This dependency on stator voltage measurements makes the 
demodulation particularly susceptible not only to measurement errors due to the inaccuracy and 
limited bandwidth of the voltage sensors but to the imprecise extraction and computing of the 
mean value from the high frequency voltage pulse over a carrier period. A special acquisition 
system with a sampling frequency much higher than the switching frequency is required to 
achieve accurate results. Moreover, when the voltage references from the FOC are used instead 
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of the measured values, the rotor position estimation is inherently degraded given that the 
nonlinearities of the inverter are fully disregarded. Likewise, the HF sensorless algorithms 
based on zero-sequence voltage components (ZSVC) (Xu and Zhu, 2016a; 2016b) not only 
require extra-hardware but access to the neutral point of the machine, which is not typically 
available in industrial drives (Briz and Degner, 2011). The ZSVC-based methods are inherently 
unfeasible for implementation in PMSMs with delta-connected windings. 
 
In this paper, authors propose two half switching frequency demodulation algorithms in the 
stationary and rotating coordinates that advantageously do not require voltage measurements 
for estimating the rotor position angle. The use of only current measurements sampled with the 
same sampling rate and the same sensors used for the fundamental currents to perform FOC 
simplifies its implementation and allows avoiding voltage measurement issues as well as 
voltage assumptions and approximations. The no need of extra-hardware and the capability of 
working indistinctly with PMSMs having either delta- or wye-connected windings allow an 
easier integration of the proposed algorithms with most of the PMSM-drives currently 
available in industry. 
 
This paper is organized as follows. The classical pulsating and rotating SVM-based HFSI 
techniques are analyzed in section 4.2 while the proposed PWM-based HSFSI algorithms in 
both stator and rotor coordinates are presented in section 4.3. Each of these sections includes its 
respective high-frequency PMSM model and equations that theoretically support the 
encoderless FOC of the machine. The MATLAB–SimPowerSystems-based simulations and the 
experimental results obtained with a 2.5kW PMSM having radially inset rotor magnets are 
shown next to each other along the text of section 4.2 and section 4.3, thus allowing a 
simultaneous validation and an easier tracing and comprehension of the characteristic 
waveforms for the different methods. The quantitative and qualitative performance comparison 
and analysis for the four HFSI sensorless techniques are presented in section 4.4. This section 
also includes the simulation results obtained from the encoderless FOC of an 80kW IPMSM 
intended for EV propulsion. Finally, the conclusion and some important remarks are given in 
section 4.5. 
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4.2 Model of SVM-based high frequency signal injection for encoderless FOC of 
PMSM
4.2.1 Pulsating Voltage Signal Injection: -HFSVM 
The PMSM model in the real  rotor coordinates is described as follows 
 
(4.1) 
 
According to the space vector diagram of Figure 4.1, after applying the voltage and current 
transformations (4.2) and (4.3) to (4.1) considering the rotor position error    `  
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Figure 4.1   Space vector diagram showing the real  and estimated  rotating  
reference frames with respect to the stationary and  coordinates 
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the PMSM model in the estimated rotor coordinates is written as follows (Lara et al., 
2012) 
 
(4.4) 
 
(4.5) 
 
(4.6) 
 
(4.7) 
 
where "  ="# \ "$>s and "  ="# ` "$>s. If the high frequency voltage signal is 
injected on the estimated -axis as follows 
 
 (4.8) 
 
and assuming ! 6 (+, and +, 7  , the high frequency estimated currents flowing 
through the PMSM stator windings are given by 
 
(4.9) 
 
 
By substituting (4.8) into (4.9), the relation between the rotor position error and the high 
frequency currents is described as 
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In order to estimate the rotor position from  &$óô  in (4.10), the heterodyning demodulation 
process shown in Figure 4.2 is used (Al-nabi et al., 2013; Foo and Rahman, 2010; Ji-Hoon et 
al., 2004; Ji-Hoon et al., 2003). If assuming s  0  sin (s)  s, then the rotor position 
error function obtained after the LPF is finally written as 
 
(4.11) 
 
By controlling  => to zero, the estimated rotor position is kept close to the real one, i.e.     
  0, and thereby making possible the encoderless FOC of PMSM. 
 
Figure 4.2 presents the demodulation algorithm for exploiting the property described in (4.11) 
whereas Figure 4.3 shows the encoderless FOC of PMSM using the estimated rotor 
position. 
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Figure 4.2   Demodulation structure used for the SVM-based HFSI  
technique in the estimated rotating reference frame 
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Figure 4.3   Encoderless FOC strategy of PMSM using the SVM-based  
HFSI technique in the estimated rotating reference frame 
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Figure 4.4 shows the 2.5kW PMSM used for experimentally validating the four HFSI 
techniques presented in this paper. It can be observed the eight permanent magnets radially 
inset in the rotor as well as the identification of theandaxes. The machine parameters 
and the description of the full experimental setup are presented in the Appendix III. 
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Figure 4.4   Four-pole pairs PMSM used in experiments for testing the HFSI  
techniques. The permanent magnets are radially inset in the rotor 
 
The high frequency inductance curves of Fig. 4.5 have been obtained following the 
procedure reported by (Ji-Hoon et al., 2003). According to the results shown in this figure, 
the difference between the high frequency direct"#óôand quadrature "$óô inductances at 
555Hz is only 17%. However, such a small inductance variation has been enough to achieve 
acceptable FOC-PMSM performance even under maximum torque conditions. 
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Figure 4.5   Inductance variation as a function of the injection angle . Measurements 
 carried out under no load and setting = 21.6,= 555Hz  
and = 5 kHz (Left) Simulation (Right) Experimental 
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Figure 4.6 shows the characteristic waveforms of the -HFSVM injection technique. These 
results have been obtained by changing the injection angleof  according to a ramp 
profile, thereby scanning the saliency properties of the machine along a full electrical cycle 
while the rotor remains at standstill (Holtz, 2008). It can be observed the good matching 
between the simulation and experimental results as well as the modeling validation of the 
high frequency currents &#óô and  &$óô  from (4.10) and the error function => from (4.11) 
obtained using the demodulation structure of Figure 4.2. 
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Figure 4.6   Results for the -HFSVM under no load at standstill  
(Left) Simulation (Right) Experimental 
 
The results of Figure 4.7 alike validate the premise that by controlling =>to zero through a 
PI controller as in Figure 4.2, &$óô  is also kept around zero and the estimated position   
allows the encoderless FOC of the PMSM. 
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Figure 4.7   Results for the -HFSVM under full load torque of 9 Nm  
at  300 rpm (Left) Simulation (Right) Experimental 
 
4.2.2 Rotating Voltage Signal Injection:   - HFSVM 
The PMSM model in the stationary reference frame is described as follows (Kim et al., 2012; 
Lara and Chandra, 2014a) 
 
(4.12) 
 
where the inductance matrix " is defined as 
 
(4.13) 
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Applying the derivative operator in (4.12), it is written as 
 
 
 
(4.14) 
 
 
(4.15) 
 
If the high frequency voltage signal vector is injected on the -axis as follows
 
(4.16) 
 
and assuming ! 6 (+, and +, 7 , the high frequency currents flowing through the 
PMSM stator windings are given by 
 
(4.17) 
 
By substituting (4.16) into (4.17), the relation between the rotor position and the high 
frequency currents is described as 
 
(4.18) 
 
In order to estimate the rotor position from (4.18), the heterodyning demodulation process 
shown in Figure 4.8 is used (Jansen and Lorenz, 1995; Kim et al., 2011a; 2012; Kim et al., 
2016; Kim and Sul, 2011). By assuming s  0   sin (s)  s , the rotor position error 
function =>obtained after the LPF is given by 
 
 (4.19) 
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Figure 4.8 presents the demodulation algorithm for exploiting the relation described in (4.19) 
whereas Figure 4.9 shows the encoderless FOC of PMSM using the estimated rotor 
position. 
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Figure 4.8   Demodulation structure used for the SVM-based  
HFSI technique in the stationary reference frame 
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Figure 4.9   Encoderless FOC strategy of PMSM using the SVM-based 
HFSI technique in the stationary reference frame  
 
The characteristic waveforms of the-HFSVM injection technique shown in Figure 4.10 
validate the modeling of the high frequency currents &óôand  &óô from (4.18) as well as 
the error function => from (4.19) obtained using the demodulation structure of Figure 4.8. 
The results of Figure 4.11 alike validate the premise that by controlling =>to zero through 
the PI controller of Figure 4.8, the estimated rotor position allows the encoderless FOC of 
the PMSM. 
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Figure 4.10   Results for the -HFSVM under no load at  60rpm  
(Left) Simulation (Right) Experimental 
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Figure 4.11   Results for the -HFSVM under full load torque of 9 Nm  
at  300 rpm (Left) Simulation (Right) Experimental 
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4.3 Model of PWM-based half switching frequency signal injection for 
encoderless FOC of PMSM 
4.3.1 Rotating Voltage Signal Injection:   - HSFPWM 
The proposed injection pattern in the stationary reference frame is shown in Figure 4.12. The 
voltage vectors nandare composed by the fundamental component  % that controls 
the machine as well as by the half PWM carrier frequency formed by the voltages # and 
injected at the times - and-n, respectively. The current sampling time interval - -nis considered small enough so that the following assumptions are valid during 
two consecutive PWM periods: a) the machine parameters remain constant b) the 
fundamental current component changes linearly c) the change in rotor position is negligible 
at low speeds and d) the change in rotor speed is negligible in high inertia machine shafts. 
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Figure 4.12   Voltage references in the spatial  and temporal frames. The  
switching signals  and the current sampling instants   are also shown 
 
Solving for the time derivative of currents in (4.14)-(4.15), the PMSM model is expressed as 
follows 
 
(4.20) 
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where the matrices n and  are defined as 
 
(4.21) 
 
 
(4.22) 
 
By replacing the continuous derivative operator with the discretized notation, the stator 
current difference & in the interval - is express as follows 
 
 
 
(4.23) 
 
 
 
By considering %constant during two consecutive PWM periods and injecting êêat the 
angle, the HF stator current difference between the first two intervals is given by 
 
(4.24) 
 
After applying some trigonometric identities in (4.24), it is reduced to (Masaki et al., 2002) 
 
 
(4.25) 
 
It can be noted that both current differences contain the valuable rotor position information. 
Solving for twice the real rotor position in (4.25), the following expression is obtained 
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(4.26) 
 
 
Given that in practice, the theoretical real position  becomes into the approximation and 
bearing in mind that  $ {0,}, (4.26) is simplified as 
 
 
(4.27) 
 
where 
 
(4.28) 
 
Figure 4.13 presents the demodulation algorithm for exploiting the relation described in 
(4.27) whereas Figure 4.14 shows the encoderless FOC of PMSM using the rotor position 
approximation. Note that the PLL is required to derive from the double angle input 
position. A Luenberger observer or a state filter can also be used for this purpose (Kim et al., 
2012; Kim and Sul, 2011). In any case, the gain feedback must be set to 2, in order to get half 
in the forward path. Advantageously, a well-designed type-2 PLL with speed feedforward 
compensation can also in turn fairly reduce the periodical position error as the speed 
increases as well as the offset position error that arises during acceleration and deceleration 
(Lara et al., 2016b). 
 
The high frequency inductance curves of Fig. 4.15 have been obtained following the 
procedure reported by (Ji-Hoon et al., 2003). According to the results shown in this figure, 
the difference between the high frequency direct "#óôand quadrature "$óôinductances at 
2.5 kHz is around 32%. This higher inductance variation compared to the 555Hz injection 
case has allowed achieving a better FOC-PMSM performance for the same tests under 
maximum torque conditions. 
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Figure 4.14   Encoderless FOC strategy of PMSM using the PWM-based  
HSFSI technique in the stationary reference frame 
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Figure 4.15   Inductance variation as a function of the injection angle . Measurements  
carried out under no load and setting = 50.0,= 2.5kHz and 
  = 12.5 kHz (Left) Simulation (Right) Experimental 
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The characteristic waveforms of the-HSFPWM injection technique shown in Figure 4.16 
validate the modeling of the high frequency currents &kÈland &kÈlfrom 
(4.25) that allow calculating the rotor position approximation as of (4.27)-(4.28). The 
results of Figure 4.17 show the performance of the encoderless FOC using while the 
PMSM develops its maximum motoring torque. 
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Figure 4.16   Results for the-HSFPWM under no load at  60rpm.  
It can be observed the current sampling instants   in the 500x  
zoom-in graphs (Left) Simulation (Right) Experimental
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Figure 4.17   Results for the -HSFPWM under full torque of 9 Nm  
at  300rpm (Left) Simulation (Right) Experimental 
 
4.3.2 Pulsating Voltage Signal Injection:  - HSFPWM 
By transforming the current variables in (4.25) from the stationary  reference frame to the 
real rotating reference frame using (4.29) 
 
  (4.29) 
 
and replacing  `  with , the following expression is obtained 
 
(4.30) 
 
By transforming the current variables in (4.30) to the estimated  rotating reference frame 
using (4.31) 
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(4.31) 
 
the differences of current are given by 
 
 
(4.32) 
 
Solving for in (4.32) using both the direct and quadrature components and assuming        s  0  tan(s) s, then the rotor position error function is given by 
 
(4.33) 
 
where 
 
(4.34) 
 
By controlling the magnitude of=>to zero, the estimated rotor position is kept close to 
the real one, i.e.   0 , thus making possible the encoderless FOC of the PMSM. Figure 4.18 
presents the demodulation algorithm for exploiting the relation described in (4.33) whereas        
Figure 4.19 shows the encoderless FOC of PMSM using the estimated rotor position. 
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Figure 4.18   Demodulation structure used for the PWM-based HSFSI 
 technique in the estimated rotating reference frame 
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Figure 4.19   Encoderless FOC strategy of PMSM using the PWM-based  
HSFSI technique in the estimated rotating reference frame 
 
The characteristic waveforms of the-HSFPWM injection technique shown in Figure 4.20 
validate the modeling of the high frequency currents &#kÈland &$kÈl  
from (4.32) as well as the error function => from (4.33) obtained using the demodulation 
structure of Figure 4.18. 
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Figure 4.20   Results for the -HSFPWM under no load at standstill 
(Left) Simulation (Right) Experimental 
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The results of Figure 4.21 show the performance of the encoderless FOC usingwhile the 
PMSM develops its maximum motoring torque. 
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Figure 4.21   Results for the -HSFPWM under full load torque of 9 Nm  
at  300rpm (Left) Simulation (Right) Experimental 
 
 
4.4 Analysis and performance comparison of the four HFSI techniques
The periodical rotor position error obtained for the four HFSI techniques at 300rpm under 
no load is shown in Figure 4.22. It can be observed that the -HSFPWM and the  - 
HFSVM techniques present the smallest and the biggest error, respectively. 
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Figure 4.22   Comparison of the experimental rotor position error obtained for the four  
HFSI techniques. The test has been carried out under no load at  300 rpm 
 
The response of the four HFSI techniques to full motoring and generating torque step-
changes at 300rpm is shown in Figure 4.23. It can be observed that the proposed techniques 
working with an injection frequency of 2.5 kHz present a better overall performance in terms 
of torque ripple and rotor position error. Regarding the rotor position offset error that arises 
from the cross-saturation effect, it has been fairly compensated by evaluating online the 
function =&$ > previously built from offline -axis current and position error measurements 
(Xu and Zhu, 2016b). 
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Figure 4.23   Experimental results obtained with the 2.5kW PMSM: Performance 
of the four HFSI techniques under 100% torque step-changes at  300rpm  
for both motoring and generating operation modes 
105 
The current control bandwidth for the four HFSI techniques is shown in Figure 4.24. It can be 
noted that the algorithms working in the stationary reference frame  have the highest 
bandwidths with 322Hz and 385Hz while the proposed -HSFPWM technique presents the 
fastest rise-time of around 900µs. The qualitative and quantitative performance comparison of 
the four HFSI techniques are given in Table I and Table II of the Appendix III, respectively. 
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Figure 4.24   Experimental results:  Reference and measured -axis current for  
evaluating the closed-loop control bandwidth of the four HFSI techniques 
 
The performance of the four HFSI techniques has been also evaluated with an 80kW-IPMSM 
intended for EV propulsion. The simulation results obtained during speed reversal from 
+300rpm to -300rpm under 100% of torque are shown in Figure 4.25. The parameters of the 
simulated EV IPMSM-drive are presented in Table III of the Appendix III. 
 
106 
 
  
Po
si
tio
n 
[
]
225
Sp
ee
d 
[r
pm
] 
To
rq
ue
 [N
m
] 
0.50 Time [s]
200 
0
90
0
0
0
0
 - HFSVM 
Po
si
tio
n 
er
ro
r 
[
]  
 
1.0 
 - HSFPWM 
 - HSFPWM
225
 - HFSVM
 - HSFPWM 
225
 - HSFPWM
 - HFSVM
 - HFSVM
0.5
0.5 
0.5 
1.0 
1.0 
1.0 
1.0 225
+300
-300
360 
0
 
Figure 4.25   Simulation results obtained with the 80kW IPMSM: Performance of  
the four HFSI techniques for the speed reversal test under maximum torque 
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4.5 Conclusion
The performance of two novel HSFVI demodulation algorithms for encoderless FOC of 
PMSMs intended for EV propulsion has been investigated in this paper. 
 
The achieved DSP-based qualitative and quantitative comparison analysis exhaustively 
validated through simulations and experiments with a 2.5kW PMSM has shown that the 
proposed PWM-based HSFSI techniques present a smaller rotor position error and a larger 
bandwidth than the classic SVM-based HFSI sensorless algorithms. Therefore, they allow a 
better machine control performance in terms of a smaller torque ripple generation and a faster 
current control loop. 
 
Thanks to the very small -inductances value and the larger saliency ratio of the 
simulated 80kW IPMSM intended for EV propulsion, the dc bus voltage utilization 
percentage required for achieving a large high frequency stator currents SNR and thus a 
small rotor position estimation error does not limit the operating frequency of the proposed 
HSFVI algorithms. Hence, the parameters of the EV-IPMSM can allow increasing eventually 
the injection frequency up to 20 kHz, where the audible noise is virtually unnoticeable for 
human ear. 
 
The use of the proposed pulsating and rotating HSFPWM sensorless techniques for 
estimating the rotor position in the low speed range and the standstill condition can thereby 
positively contribute to the fault-tolerant and reliability enhancement in LHDEV PMSM-
traction drives. 
 
 

  
GENERAL CONCLUSION 
 
This thesis has presented three main contributions to the performance improvement on rotor 
position sensored and sensorless FOC of PMSMs intended for EV propulsion applications. 
 
The first contribution was the development of the novel algorithm based on PA for an efficient 
position error compensation of MAEs. The implementation of the algorithm demonstrated its 
high efficiency bearing in mind that only 56 coefficients were needed to be stored in the DSP 
memory for a fifth-order approximation and solely 20 multiplications and 14 additions had to be 
executed in real-time, thus consuming less than 0.25 s of the DSP time-step. The position error 
of 0.75 electrical degrees obtained with the TM4 EV drive controlling the 80-kW PMSM 
successfully demonstrated that the proposed PA algorithm assisted with the type-2 PLL is a 
promising solution to compensate the position error of MAEs in PMSMs for EV applications. 
 
The second contribution was the modeling and the analysis of the effects from the rotor position 
error in the performance of FOC-PMSM drives. The proposed model was validated by 
simulation and experimental results with a 400-W PMSM. The premise of the torque ripple 
generated due to the error from the rotor position sensor was also verified from the experimental 
results obtained with the 80-kW PMSM designed and manufactured by the company TM4 
Electrodynamic Systems. The compensation of the error from the magnetic analog encoder 
mounted on the 80-kW PMSM using the PA algorithm developed in the first contribution 
allowed reducing the torque ripple magnitude to the range of ±1 Nm for different conditions 
varying from 100 Nm at 1000 r/min up to 55 Nm at 9000 r/min. Thanks to the first and second 
contributions, the maximum torque ripple limit condition of 5% demanded in high-performance 
EV PMSM-drives was successfully evaluated and fulfilled. 
 
The third contribution was the investigation of the performance of two novel HSFVI 
demodulation algorithms for encoderless FOC of PMSMs. The proposed algorithms do not 
require voltage measurements or approximations for estimating the rotor position angle, do not 
need extra-hardware and work indistinctly with PMSMs having either delta- or wye- connected  
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windings. Therefore, they can be more easily integrated with most of the PMSM-drives 
currently available in industry. The achieved DSP-based qualitative and quantitative 
comparison analysis exhaustively validated through simulations and experiments with the 
2.5-kW PMSM strongly demonstrated that the proposed PWM-based HSFSI techniques 
allow a better machine control performance in terms of a smaller torque ripple generation and 
a faster current control loop. The use of the proposed sensorless techniques for estimating the 
rotor position in the low speed range and the standstill condition can thereby positively 
contribute to the fault-tolerant and reliability enhancement in LHDEV PMSM-traction 
drives. 
 
The three contributions described above constitute an important step-forward in the domain of 
PMSM-drives. The development of the theory and equations that support the proposed 
algorithms as well as the simulation and experimental results obtained at ÉTS and TM4 with 
the 400-W, 2.5-kW and 80-kW PMSMs are a valuable archive for future works on this subject. 
 
 
 
  
FUTURE WORK 
 
The proposed Half Switching Frequency Voltage Injection (HSFVI) demodulation algorithms 
described in Chapter IV were successfully tested in laboratory with the 2.5kW SMPMSM. In 
spite that this machine has the permanent magnets radially inset in the rotor, the fundamental 
direct and quadrature inductances "#and "$ are equal whereas the differences between the 
high frequency direct "#óôand quadrature "$óôinductances at 555Hz and 2.5 kHz are only 
17% and 32%, respectively. Given that the SNR of the high frequency currents containing 
the valuable rotor position information increases with the high frequency inductance 
difference"+, , the accuracy of the rotor position estimated with the proposed algorithms 
can be enhanced by using an IPMSM. Moreover, by using this kind of machine, much better 
results can be obtained injecting a high frequency signal with a voltage magnitude even 
smaller than the one used in the experiments, thus allowing to apply the proposed algorithms 
at much higher rotor speeds. It is important to emphasize that the smaller the difference 
between "#óôand "$óô, the higher the DC bus voltage utilization percentage required for 
achieving a good sensorless estimation characterized by a small rotor position error. In the 
tests, around 35%-40% of the DC bus voltage was required for implementing the proposed 
HSFVI algorithms with an injection frequency of 2.5 kHz. The parameters of the 2.5kW 
SMPMSM used in the experiments of Chapter IV inherently restricted the upper limit of the 
injected frequency given that for higher frequencies, the remaining DC bus voltage was not 
enough to control the stator currents and counteract the increase of the BEMF with rotor 
speed. Therefore, the maximum operating speed of the machine under the encoderless FOC 
was likewise constrained. The increasing of the DC bus voltage beyond 250V was not an 
option given that the insulation of the stator windings could be damaged. The motivation for 
increasing the frequency of the injected signal not only is the enhancement of the current 
control bandwidth but also the reduction of the hassling audible vibration produced by the 
stator windings of the machine. If the injection frequency was increased to around 20 kHz, 
this audible nuisance would be virtually unnoticeable for human ear. The proposed HSFVI 
algorithms are easily adaptable for working at such high frequency. Nevertheless, in order to 
achieve this, an IPMSM with relatively very small -inductances is required. Moreover, 
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by using this type of salient machine, the DC bus voltage utilized for the high frequency 
injection would not limit neither the operating frequency of the proposed HSFVI algorithms 
nor the top operation speed of the machine in sensorless mode control. 
 
The testing of the proposed techniques using an injection frequency of 20 kHz with an 
IPMSM having small -inductances and high saliency ratio would be an interesting future 
work. These tests can lead to improve several important aspects on PMSM-drives for EVs 
such as the machine control performance in terms of a smaller rotor position error, a smaller 
torque ripple generation, a wider operating speed range under encoderless FOC, a larger 
bandwidth by means of faster current control loops as well as a zero audible noise for the 
electric vehicle driver. 
 
 
 
 
 
 
 
 
  
APPENDIX I 
 
ANALYSIS AND DESIGN OF THE PLL USED IN EXPERIMENTS 
 
The continuous transfer function "=> of the type-2 PLL is given by (Emura and Lei, 2000; 
Emura et al., 2000; Gardner, 2005; Harnefors and Nee, 2000; Jung and Nam, 2011) 
 
(A I-1) 
 
After applying the Euler backward transformation  =( ` m>=(->, the discrete 
transfer function "=(> and the set of difference equations that govern the PLL are expressed 
as 
 
(A I-2) 
 
(A I-3) 
 
(A I-4) 
 
(A I-5) 
 
(A I-6) 
 
(A I-7) 
 
where o represents every sample of the discrete system, - stands for the sampling time,  
and  are the real input and the estimated output rotor positions, while  is the estimated 
rotor speed. 
 
 
#=>  =>=>  o \ o  \ o  \ o  
 \ =s  %  > \ =s  %  > \  
"=(>  =(>=(>  =o - \ o ->( ` =o ->(=o - \ o - \ m>( ` Zo - \ s[( \ m
9=o>  k=o>l  ¿k =o>l ` ¿k =o>l k=o>l
 =o>   =o ` m> \ -  =o>
o  
o  s %  
=o>  =o ` m> \ Zo \ o  -[  9=o> ` Zo[  9=o ` m>
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The PLL bandwidth  is obtained by solving the following fourth-order equation that 
results by equating Ù"=$>Ù  m us	 in (A I-1) 
 
(A I-8) 
 
The useful solution from (A I-8) is given by the expression (Gardner, 2005) 
 
(A I-9) 
 
A higher attenuation of the harmonics contained in the rotor position error can be achieved 
by reducing the bandwidth of the PLL but at the expense of a larger phase delay. Bearing this 
tradeoff in mind, the PLL bandwidth  has been set at 510 rads/s. Note that for a rotor 
speed % of 5000 r/min, Ù"=s%>Ù 7.3 dB , whereas Ù"=my%>Ù 20.5 dB.
 
In order to avoid any amplification of the rotor position error near, the transfer function 
of the PLL has been reduced to a first-order system by placing a pole and a zero at the same 
location. This design requirement is fulfilled by setting the damping factor % = 3.5355. From 
(A I-9), the natural frequency  is found to be 70.71 rads/s. By evaluating (A I-6) and       
(A I-7), the constants of the PLL loop filter result in o  500 and o 5000. 
 
By substituting these values in (A I-1), the continuous transfer function results in 
 
(A I-10) 
 
By considering also the sampling time - = 50 s  in (A I-2), the discretized transfer function 
of the PLL is given by 
 
(A I-11) 
 
 
   æm \ s%  \ %m \ =m \ s% >
"=>  &yy \ &yyy \ &yy \ &yyy
"=(>  yüys&( ` yüys&(müys&( ` süys&( \ m
¥ ` ¥ ` s    ` w %      y 
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The linearized system of the discrete PLL used in experiments is accurately modeled by the 
following first-order transfer function 
 
(A I-12) 
 
The root locus of (A I-11) and (A I-12) is shown in Figure A I-1. Note that a zero and one of 
the poles in "=(> appeared overlapped. The poles of "=(> lying inside the unit circle also 
guarantee the stability of the reduced-order system"n=(>. 
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Figure-A I-1   Root locus of the linearized second- and first-order  
transfer functions for the PLL used in experiments 
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The Bode diagram of the continuous and discretized transfer functions is shown in Figure    
A I-2. A good frequency-response matching, the negligible amplification of "=> and "=(> 
as well as the ideal flat response of "n=(>can be observed. 
 
The maximum amplification gain of "=(> is about 0.144 dB and takes place at 4.54 Hz. 
The step response presents an overshoot of 1.76%. 
 
 
 
 
 
 
 
 
 
 
Figure-A I-2   Frequency response of the continuous and discretized  
transfer functions of the PLL used in experiments 
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APPENDIX II 
BASE, CRITICAL, AND MAXIMUM SPEED IN PMSMS 
 
The base speed 1 is function of the intersection point between the MTPA curve and the 
current limit circle. In case of IPMSMs, it is derived from (3.29) evaluated at the solution of 
(3.25) and (3.26) given by 
 
 
and                                                   (A II-1) 
 
The resulting equation for the based speed is as follows (Sul, 2011) 
 
 
(A II-2) 
 
 
The expression for the base speed in SMPMSMs is obtained by substituting "#  "$  " 
and &5#  yin (A II-2) 
 
 
(A II-3) 
 
 
In finite-speed PMSM-drives, the theoretical maximum speed 3 is reached when the 
current angle is 90°. The expression for the maximum speed in IPMSMs is found by 
substituting &5#  `&5%	 in (A II-2) 
 
 
 
&5#  `¸5 \ æ¸5
 \ " &5%	w" &5$  æ&¸5%	 ` &5#
1=+,3-3>  ¸5%	æ Z ¸5 \ "# &5# [ \ "$ v &¸5%	 ` &5#x
1 =-3,3-3>  ¸5%	æ ¸5 \ Z" &5%	[
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(A II-4) 
 
The maximum speed in SMPMSMs is deduced by substituting "#  " in (A II-4). In 
infinite-speed PMSM-drives, the critical speed 2 is function of the intersection point 
between the MTPV curve and the current limit circle. For IPMSMs, it is deduced from (3.33) 
evaluated at the solution of (3.25) and (3.31) given by (A II-5), where "  s"Z"# \ "$[ 
 
 
(A II-5) 
 
 
The resulting equation for the critical speed is (A II-6)
 
 
(A II-6) 
 
 
The expression for the critical speed in SMPMSMs is found by substituting "#  "$  " 
and  &5#  `¸5 "	  in (A II-2) (Sul, 2011) 
 
 
(A II-7) 
 
 
 
 
 
 
 
3=+,3-3>  ¸5%	
¸5 ` "# &5%	
&5#  `¸5"#="# \ "> \ æ¸5"#="# \ ">
 ` s" À"#¸5 ` "Z"$ &5%	[Á"
2=+,3-3>  ¸5%	u"æsZ"#"[&5# \ 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 "#="# \ Ì"> &5# \ ¸5="# \ ">
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Table-A II-1  Parameters of the PMSMs 
           
Rotor Flux    Vs 
Phase Resistance !  & 
 4.0/4.0  mH
 1.4/2.5  
  kW
  
 5/9  A
Number of pole pairs P      4       5 -
Phase  Inductances
Parameter Symbol Units
1 Ý Ø Ý3
	 Ý 	
& Ý & Kr/min1.4/2.15/4
Cont. and Peak Torque  Ý 3
2.93/9.65/12
0.184/0.300"# Ý "$
Cont. and Peak Current
* Continuous power measured at rated speed 
120/225
SMPMSM IPMSM
Base, Rated and Max Speed
Nm 
317/500 
37/80 0.28/0.44Cont.* and Max Power
0.041 
0.040 0.046
1.0
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APPENDIX III 
QUALITATIVE AND QUANTITATIVE PERFORMANCE COMPARISON OF THE 
FOUR HFSI TECHNIQUES 
 
 
Figure-A III-1   Experimental setup used for the sensorless tests: (a) 2.5-kW PMSM 
 (b) Induction Machine (c) Encoders (d) 4kW Bi-directional DC source  
(e) IM-drive (f) Braking resistors (g) Scope (h) DC voltage sources  
i) 2L-Inverter for PMSM-drive (j) TI  DSP-based control board 
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Table-A III-1  Qualitative performance comparison of the four HFSI techniques 
Ô #ÔÅÐÑ.#ÄÐ/ªÑî#ÔÅþ î#ÅÔ÷þ  î#ÔÅþ  î#ÅÔ÷þÓ.0gûii1igj ög2=' > þ3i4 þ3i4 #iû56igg7#Ôfjg37j34jfj þ3i4 ög2 #iû5 ög2='>ÓÅ÷i484jigjfg48Öi9 ög2=' > þ3i4 þ3i4 #iû5÷Ðfgjg:i4j7g8ghiigjhi4igj ;ÑÅ ;ÑÅ ;ÑÅ ÄÏ='>ÓÅ÷Öfigjîi4 ög2 ög2=' > þ3i4 #iû5.jfgjg<j32i35 ög2 þ3i4 þ3i4 #iû5='>6gg8ghiigjg ög2 ög2=' > #iû5 þ3i4g:i88 þ3i4 þ3i4 #iû5 ög2='>Åjhii0i9g4f5ij84h ög2 þ3i4 ög2 =' > þ3i4Ï087g4jfg7jfg3hhÔÏ.î÷þÅþ þ3i4 #iû5 ög2 #iû5='>'.5f=4=4jh5<h87g4jf  
 
Table-A III-2  Quantitative performance comparison of the four HFSI techniques 
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Table-A III-3  PMSM-drives parameters 
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APPENDIX IV 
DETAILED PROCEDURE FOR THE DERIVATION OF SOME IMPORTANT 
EQUATIONS INCLUDED IN THE TRANSACTIONS PAPERS 
 
In order to find the expression for the PLL bandwidth, the transfer function "=> is evaluated 
at the cut-off frequency   $ , where the attenuation of the input signal is -3dB. The 
detailed procedure for deriving eq. (A I-8) is as follows : 
 
(A IV-1) 
 
                                              (A IV-2) 
(A IV-3) 
By calculating the magnitude of the complex numbers in(A IV-3), it is rewritten as :  
(A IV-4) 
 
(A IV-5) 
 
(A IV-6) 
(A IV-7) 
The final expression is given by (Gardner, 2005) : 
(A IV-8) 
The detailed procedure for deriving eq. (4.11) is presented below. According to the 
demodulation procedure of Fig. 4.2, the HF -axis current from (A IV-9) is first multiplied 
by the high frequency sinusoidal signal=+, >: 
=¥ ` ¥ \ w %     \ s    y>=`m> 
#=>   \ =s  %  >   \ =s  %  >   \   
Ù"= $>Ù  m us	  
Õ  \ =s  %  >  = $>=$> \ =s  %  >  = $> \ Õ  m us	  
%=> \ =s  %   >É%= ` > \ =s  %   >É  m us	  
¥ \ w  %    
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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¥ ` ¥ ` s 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  ` w % 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 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 (A IV - 9) 
 
 
 (A IV - 10) 
 
By applying the trigonometric identity from (A IV - 11) to (A IV - 10) : 
 
(A IV - 11) 
the following expression is obtained : 
 
(A IV - 12) 
 
The rotor position error function => obtained after applying the low-pass filter ( LPF ) to 
(A IV - 12) is expressed as : 
(A IV - 13) 
Due to the LPF, the second term from (A IV - 12) containing the high frequency component 
is fairly attenuated. By keeping just the first term containing the low frequency component in 
(A IV - 12), the error function is written as follows : 
(A IV - 14) 
 
By assuming that the the rotor position error  is small, the evaluation of the trigonometric 
function can be replaced with its argument, i.e., s  0   sin (s)  s . The simplified 
expression for the rotor position error function => is finally given by :  
 
(A IV - 15) 
 
&$óô  =+, >"#+,"$+,+,  "+, =s > 
&$óô Z+, [  } "+,"#+,"$+,+, =+, > =s >
Z+, [  m ` ¿=s+, >s
&$óô Z+, [  } "+,s"#+,"$+,+, =s > ` ¿=s+, > =s >
=>  "º À&$óô  Z+, [Á  
=>  } "+,s"#+,"$+,+, =s >
=> } `"+,"#+,"$+,+, 
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The detailed procedure for deriving eq. (4.19) is presented below. According to the 
demodulation procedure of Fig. 4.8, the HF  - axis current from (A IV - 16) is first 
multiplied by the term (A IV - 18) whereas the HF  - axis current from (A IV - 17) is 
multiplied by the term (A IV - 19) : 
 
(A IV - 16) 
 
(A IV - 17) 
 
(A IV - 18) 
 
(A IV - 19) 
The error 9 is calculated as follows : 
(A IV - 20) 
By substituting (A IV - 16) - (A IV - 19) into (A IV – 20), the error is 9 given by : 
 
(A IV - 21) 
 
By expanding (A IV - 21), the error 9 is expressed as : 
 
 
 (A IV - 22) 
 
 
 
By applying the trigonometric identity from (A IV - 23) to (A IV - 22) : 
 (A IV - 23) 
&óô  "#+,"$+,+,  "+, =+, > ` "+,Z+, ` s[
&óô  "#+,"$+,+, `"+, ¿=+, > ` "+,¿Z+, ` s[
9  & óô & óô ` & óô & óô 
& óô  ¿Z+, ` s[
& óô  Z+, ` s[
9  "#+,"$+,+, "+, =+, > ` "+,Z+, ` s[ ¿Z+, ` s[D\"+, ¿=+, > \ "+,¿Z+, ` s[  Z+, ` s[ E
9  "#+,"$+,+, "+, =+, > ¿Z+, ` s[ 
\"+,¿Z+, ` s[  Z+, ` s[
` "+,Z+, ` s[ ¿Z+, ` s[\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D
E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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the error 9is simplified as : 
(A IV - 24) 
 
By substituting  `   in (A IV - 24), it is rewritten as : 
 
(A IV - 25) 
 
After low-pass filtering the error 9 from (A IV - 25), the first term containing the high 
frequency component is fairly attenuated. By keeping just the second term containing the low 
frequency component in (A IV - 25), the rotor position error function =>is written as 
follows : 
(A IV - 26) 
 
By assuming that the the rotor position error  is small, the evaluation of the trigonometric 
function can be replaced with its argument, i.e., s  0   sin (s)  s . The simplified 
expression for the rotor position error function => is finally given by :  
 
 (A IV - 27) 
 
 
9  "#+,"$+,+, "+,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 E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